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ABSTRACT 
Chaw tofu is a traditional Chinese snack which has a typical stinky smell and an 
interesting texture. To prepare chaw tofu, vegetables are firstly soaked and 
fermented in brine for about eight months until the broth becomes stinky. After 
fermentation, fresh tofu is introduced and soaked in the broth until the stinky odor is 
absorbed and characteristic texture developed, and the tofu is deep-fat fried to be 
served. 
This research was divided into two main parts, the first part was to identify the 
odorous volatile compounds of commercial chaw tofu. Samples were purchased 
from three locations in Hong Kong and the headspaces before and after deep-fat 
frying were analyzed by gas chromatography-mass spectrometry (GC-MS) and gas 
chromatography-olfactometry (GC-0). After that, the odorous compounds could be 
identified. The second part was to monitor and compare the changes in headspaces, 
viable cell counts, pH, soluble solid contents and protease activities of three sets of 
model chaw tofu fermentation broths. The three sets of broths were prepared by 
fermenting stems of amaranth, stems of amaranth and tofu, and tofu only in brine 
solutions. 
A total of 37 volatile compounds were identified in the fresh and deep-fat fried 
commercial chaw tofu samples by GC-MS including 11 alcohols, six ketones, five 
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acids, five sulfur-containing compounds, four aldehydes, two furans, and four 
miscellaneous compounds. Odorous compounds were identified by calculating the 
odor activity values (OAV) with the concentrations of compounds in sample and their 
relative thresholds. Pentanoic acid and dimethylsulfide had the highest OAV in the 
fresh samples while pentanoic acid and 3-methylbutanal had the highest OAV in the 
deep-fat fried samples. Generally, pentanoic acid and butanoic acid were concluded 
to be responsible for the typical stinky and putrid aroma. 
After evaluation with GC-0, a total of 20 compounds were detected by the 
panelists from the samples with five alcohols, four acids, four sulfur-containing 
compounds, two ketones, two aldehydes, two furans and one esters. 
3-Methylbutanoic acid, butanoic acid, dimethylsulfide, 2,3-butanedione and hexanal 
were commonly found in all samples. Butanoic acid, 3-methylbutanoic acid and 
pentanoic acid were detected with rubbish, fecal, vomit-like and stinky aroma and 
were suggested to be important in contributing the typical aroma of chaw tofu. 
In the second part of research, all of the odorous compound identified previously 
in commercial chaw tofu samples could be detected in broths containing stems of 
amaranth only and tofu only. The concentrations of these compounds were the 
highest in the deep-fat fried tofu fermented with broth containing stems of amaranth 
only but they are still lower than that of the commercial one and was suggested that 
ii 
longer fermentation period is needed. The viable cell counts and pH values of all 
broths after 14 days fermentation were similar to the commercial stinky broths and the 
protease activities were found to be the highest in the broths with both stem of 
amaranths and tofu. 
In conclusion, odorous compounds of chaw tofu were identified to be butanoic 
acid, 3-methylbutanoic acid and pentanoic acid and they can be used as marker 
compounds for quality control. These compounds were found in broths containing 
stem of amaranths only but their concentrations were lower than the commercial one 
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Legume-based fermented foods are an important part of human diet in most 
country in southeast Asia, the Near East, and parts of Africa (Reddy et al., 1986). 
The popularity of these products is due to their desirable changes in texture and 
organoleptic characteristics such as flavor and taste (Reddy et al., 1986). Other 
reasons include improvement of digestibility & nutrition value of the products, 
enhancement of the keeping-quality and safety, and the reduction of cooking time 
(Reddy et aL, 1986). 
There are many kinds of fermented soybean-based products in the world (Reddy 
et aL, 1986). The aromatic components produced, microorganisms involved and 
some of the biochemical changes in fermentation were well documented (Hesseltine 
et aL, 1967; Sarkar & Tamang, 1995; Nowak & Szebiotko, 1992; Leejeerajumnean et 
aL, 2001; Chung, 1999; Chung, 2000; Owens et al” 1997). In modem 
manufacturing practices, pure starter cultures are used to maintain a high quality of 
the product (Tamang & Nikkuni, 1996). 
One of the controversial products found in China known as chaw tofu is 
notorious for some people but irresistible for others due to its unusual pungent odor. 
Chaw tofu is a traditional Chinese snack prepared by the fermentation of tofu (Lee et 
al., 1996). Its popularity is due to its characteristic aroma and texture (Chang, 1993). 
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Yet, there are only limited research done on this fermented food. On the other hand, 
since production of chaw tofu is based on the traditional, natural fermentation 
practices, food safety can be a concern. 
1.2 Soybeans 
Soybean is an important agricultural product nowadays, the annual production has 
increased steadily because soybean is cultivated and consumed in different parts of 
the world (Liu, 1997a). It is believed that soybean was originated in China 4,000 to 
5,000 years ago (Liu, 1997a). The Chinese then utilized soybean to prepare different 
types of soyfoods such as soymilk, tofu, soy paste, soy sauce, and soy sprouts (Liu, 
1997d). Later, methods to cultivate soybeans and to prepare soyfoods were spread to 
Korea and Japan about 1,100 years ago, and soybeans were widely acceptable there 
(Liu, 1997c; Shi & Ren, 1993). Subsequently, people there modified and developed 
their own types of soy foods (Liu, 1997d). Table 1.1 shows some of them with their 
name and countries of origin. 
1.2.1 Chemistry and nutritional value of soybeans 
Soybean has the highest protein content (around 40%) among cereals (8-15%) 
and other legume (20-30%) (Liu, 1997b). It contains the second highest amount of 
oil content, which is about 20%, among other legumes (Salunkhe et al., 1983). 
Besides, it contains many valuable components like phospholipids (Scholfield et al., 
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1948)，vitamins, minerals and minor substances such as phytates (Averill & King, 
1926), oligosaccharids (likes raffinose and stachyose) (Smith & Circle, 1978) and 
isoflavones (Liu, 1997b). 
1.2.2 Protein composition of the soybeans 
Rice is the major staple and traditional diet in Asia, which is low in protein 
(especially lack of lysine) and lipid (Watanabe, 1988). Soybean, on the other hand, 
is relatively high in lysine and low in methionine (Wilson, 1995). Complementing 
soybean to a cereal diet can significantly improve the nutrition of a population 
(Wilson, 1995). The compositions of amino acids in a high protein soybean 
genotype (OT89-16) and a normal variety (Maple Arrow) are listed in Table 1.2. 
The proximate compositions of some traditional soyfoods are listed in Table 1.3. 
1.2.3 Volatile compounds in soybeans 
Leejeerajumnean et al (2001) used Tenax trap to extract and collect volatile 
compounds from cooked soybeans. The extracted volatile compounds were 
analyzed by gas chromatography-mass spectrometry (GC-MS) and identified by 
comparing their linear retention indices with the known standard compounds. 
Volatile compounds isolated included l-octen-3-ol, 3-octanol, pentanal, hexanal and 
4-pentenal which were known to be responsible for the beany aroma in cooked 
soybean. 
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The headspace components of raw and heated soybeans were analyzed by del 
Rosario et al. (1984). They found that the concentration of alcohols like ethanol, 
2-propanol, 1-propanol, 3-methyl-1-butanol, 2-methyl-l-butanol, 1 -pentanol and 
1-hexanol, acetone, a-piene and acetic acid were among the largest (>20ng/750 cm ) 
in raw samples (del Rosario et a!., 1984). Generally, there is a reduction in 
concentration of volatile components upon heating (del Rosario et cd., 1984). 
However, there were major increases in concentrations of pentanal, hexanal, 
1-penten-3-ol, l-octen-3-ol and 2-pentylfuran after heating (del Rosario et cd., 1984). 
The volatile constituents of defatted soy flour were also isolated and identified. 
Among all identified compounds, 1-pentanol, 1-hexanol, l-octen-3-ol and hexanal 
were responsible for the largest gas chromatographic peaks (Oliver et al., 1981). 
The beany, grassy and green odors in soy flour might be due to the presence of 
2-pentylfuran and l-penten-3-one (Oliver et al., 1981). Mattick and Hand (1969) 
reported the greenbean odor and flavor of l-penten-3-one in soaked soybean. Chang 
et al. (1966) first identified 2-pentylfuran as being responsible for the beany, grassy 
flavor of reverted soybean oil. 
1.3 Food fermentation 
Fermentation is one of the oldest methods to preserve food (Reddy et al., 1986). 
In this process, carbohydrates and other compounds are broken down under aerobic or 
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anaerobic conditions by the action of microbial enzymes (Reddy et al., 1986). As 
described previously, there are other advantages of fermentation, e.g., enhancement of 
nutritive value (for example, removal of trypsin inhibitor and increased digestibility), 
improvement in sensory characteristics like flavor and taste (for example destroy 
undersirable flavors and odors; add flavor and odor), and production of color 
(Hesseltine, 1983; Hesseltine & Wang, 1967). 
Fermented soybean products can be used to serve different culinary purposes 
during and after the food preparation. For example, it is used as a main course 
(tempe), as flavoring agent (soy sauce and daddawa), soup base (miso), snack 
(kinema) or as colorant, etc. (Reddy et al., 1986) 
1.4 Chaw tofu 
Chaw tofu, also known as stinky tofu, is a traditional Chinese snack. It is 
well-known for its typical stinky smell and interesting texture (Chang, 1993). It is 
said in folklore that the product was invented by a gentleman called Wang Chih-ho, a 
tofu shop owner in the Ching dynasty (Chang, 1993). In one hot summer day, he 
could not sell all the tofu that he had made, so he sprinkled the leftover tofu with 
pepper and salt (Chang, 1993). After some time, he found that the tofu turned 
stinky from the original pickled tofu but the taste was still delicious (Chang, 1993). 
So, he decided to sell the stinky tofu in his shop and the preparation of chaw tofu had 
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since spread all over China (Chang, 1993). 
In Hong Kong, chaw tofu is a snack, it is usually deep fat fried and served with 
spicy sauces. 
1.4.1 Preparation of tofu 
To prepare chaw tofu, tofia is required. Tofu is a soft white cheese made directly 
from soybeans (Liu, 1997d). Briefly, soybeans are washed, soaked overnight and 
then grinded into a slurry (Han et aL, 2001). The slurry is then filtered and cooked to 
remove the beany flavor (Liu, 1997d). Coagulant, like calcium sulfate or 
magnesium sulfate, is added into the soymilk to form soy curd (Han et al., 2001; Liu, 
1997d). It is stirred, broken and transferred to a shallow rectangular box where water 
is pressed out and the tofii is formed after pressing (Han et al., 2001; Liu, 1997d). 
The texture of tofu used to prepare chaw tofu should be at the right texture, i.e., 
not too soft nor too hard (Chang, 1993). If the tofu is too soft, it will break apart easily; 
but if it is too hard, it may not absorb sufficient amount of broth during soaking 
(Chang, 1993). 
1.4.2 Preparation of chaw tofu 
Traditionally, natural fermentation is used for the fermentation of chaw tofu 
(Chang, 1993). Vegetables or fruits such as amaranth, bamboo shoots, winter melons, 
mustard greens, etc. are firstly soaked in brine solution for at least eight months for 
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the first time to prepare a chaw-tofu broth (Chang, 1993; Lee, 1996). By that time, 
the broth becomes stinky and is ready to be used (Chang, 1993; Lee, 1996). 
Additional vegetables or fruits may be added when the broth become thin (Chang, 
1993). Salty vegetable juice, stinky fish, shrimp, etc, or even soda water, ammonia 
and other chemicals can also be used to make the stinky broth (Chang, 1993). These 
substances can increase the stinkiness of the broth more than the ones mentioned 
earlier. However, such broth may not be as safe and as tasty as the products from the 
natural fermentation of vegetables and fruits (Chang, 1993). When the broth is well 
fermented, fresh tofu is introduced and soaked in it until the stinky smell developed 
which takes about 4-6 hours (Lee, 1996). After soaking, tofu is ready for deep frying 
with oil/lard. 
1.4.3 Microorganisms involved in fermentation of chaw tofu 
Lai (1977) investigated the production of chaw tofu in Taiwan. The researcher 
isolated and purified microorganisms from the fermentation broth of chaw tofu 
collected from various markets in Taiwan, and divided them into two major groups 
according to their proteolytic activities. These two groups of microorganisms were 
grown in nutrient broth that was prepared by sterilization and homogenization of 20% 
amaranth, 10% bamboo shoot，1% salt and 5% tofu. After ten days of fermentation, 
tofu was soaked in the broth for six hours before evaluation for aroma. They 
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observed that the chaw tofu that was soaked in the broth inoculated with 
microorganisms having high proteolytic activity had good aroma but weak stinkiness. 
However, the tofu was stronger in stinkiness but weaker in desirability when the broth 
was inoculated with microorganisms having low proteolytic activity. The best 
quality of chaw tofu was shown to be those that were inoculated with the two groups 
of microorganisms that were with and without proteolytic activity. With such 
inoculation, the quality of chaw-tofu was suggested to be comparable to the 
commercial ones. 
Lai (1977) found that the quality of deep-fat fried chaw tofu was similar whether 
the raw tofli was soaked and fermented at 5 � C (in refrigerator) for 20 hours or at room 
temperature (26-28°C) for 6 hours. The aroma of chaw tofu was due to the microbial 
fermentation and also the presence of the bio-degraded ingredients and metabolites 
formed by the microorganisms. 
Lee et al. (1996) collected thirty-three samples composed of stinky brine 
broths (4), fresh chaw tofus (22) and dip waters (7) from small factories, traditional 
markets，and food stands in Taiwan. A total of 24 strains of bacteria with 
proteolytic activity were isolated and identified by Biolog system, API rapid kit, 
Microbial Identification System and biochemical characterization. 
Results showed that more than half of the bacterial population isolated from 
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the stinky broth was Bacilluspumilus and B. subtilis (Lee et al. 1996). Although the 
salt content of stinky salt brine was around 2.5%, the salt tolerance of these bacteria 
were as high as 10%, so they were dominant in the fermentation broth not only 
because of their salt tolerance, but also because they can utilize the raw material in the 
broth much better (Lee et al 1996). Both B. pumilus and B. subtilis may be 
originated from the raw material such as amaranth and bamboo shoot, etc. Due to 
the desirable growth conditions in the broth, eventually they became dominant (Lee et 
al., 1996). 
Both Bacillus cereus and some Gram negative bacteria were found in the fresh 
chaw tofu by Lee et al. (1996). No B. pumilus, but only one strain of B. subtilis, was 
found in the fresh chaw tofu although they were thought to be important in the 
fermentation process (Lee et al. 1996). These results suggested that the dealer might 
have washed the tofu before frying and as a result these fermentation bacteria, B. 
pumilus and B. subtilis, were removed or lowered in number (Lee et al. 1996). Due 
to the change in the growth environment and the exposure to air, various kinds of 
microorganisms could grow on the washed chaw tofu (Lee et al. 1996). Since B. 
cereus grew much better in low salt condition than B. pumilus or B. subtilis, it became 
a dominant species in the fresh chaw tofu after washing in the low-salt dip water (Lee 
et al 1996). 
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Lee et al. (1999) collected 11 stinky brine samples in Taiwan and evaluated 
the reproducibility of stinky odor from the microorganisms isolated from the samples. 
The sensory preference of stinky brine prepared by microbial groups A2 and S3 was 
the highest. The major microorganism in microbial group A2 was identified as 
Bacillus sphaericus while the major microorganisms in microbial group S3 were 
identified as Bacillus sphaericus and Enterococcus spp. by the Microbial 
Identification System. So far, identification of the microorganisms involved in the 
chaw tofu fermentation was mainly from Taiwan researchers. There is limited 
information on the chaw tofu produced in Hong Kong. 
1.4.4 Volatile components in chaw tofu 
Lee (1999) carried out gas chromatography-olfactometry on commercial chaw 
tofu, three common characteristic aroma notes were found which included sweet 
flavor, vinegar-like flavor and fermented bean pod flavor. The researcher further 
concluded that cyclohexanol and l-octen-3-ol were responsible for the sweet flavor, 
while acetic acid and 3-methylbutanoic acid were responsible for the vinegar-like 
flavor and fermented bean pod flavor, respectively, based on the GC-MS results. 
Since the preparation of chaw tofu often utilized natural fermentation, microbial 
population was highly mixed (Chang, 1993). These microorganisms broke down the 
substrates and produced aroma (Chang, 1993). Therefore, when ingredients in the 
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broth changed, the final flavor profile would be changed as well (Chang, 1993). 
Tofu is rich in protein (5.3%) and carbohydrate (3.9%) but low in fat (0.9%) (Shi 
& Ren, 1993). Protein was broken down to amino acids by microorganisms during 
fermentation (Chang, 1993). Subsequently, the substances responsible for the bad 
stinky smell evaporated at high temperature during deep-fat frying. At the same time, 
some amino acids were transformed to produce pleasant volatile components (Chang, 
\ 
1993). Nevertheless, information on the volatile composition of commercial chaw 
tofu is limited, and the identities of the odorous compounds or markers are not clearly 
known which could be important in the quality control during fermentation. 
1.4.5 Proteolytic activity of chaw tofu 
Tofu is rich in protein (Shi & Ren，1993) and fermentation of chaw tofli may 
involve proteolysis by extra-cellular enzymes released by microorganisms in the 
fermentation broth. Lee (1999) found that there was proteolytic activity on the 
surface of a fresh chaw tofu while there was none in the center part. The author 
proposed that the microorganisms responsible for the fermentation released 
extra-cellular proteases which digested the outer surface of the tofu. However, the 
enzymes did not penetrate deep into the tofu, and there was no proteolytic activity 
found at the center part of the tofu. 
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1.5 Stinky brine broth 
A good quality stinky brine broth is critical to the successful fermentation of 
chaw tofu. Investigations in the stinky brine broth can help us to have a 
comprehensive picture of its effects on the quality of the finished chaw tofu product. 
1.5.1 The pH value of stinky brine broth 
Lee et al. (1996) collected four samples of stinky brine and seven samples of dip 
water in Taiwan. They found that the pH values of stinky brine were near neutral, 
between 6.10 and 7.54, while that of dip water were more acidic between pH 4.38 and 
5.49. Lee et al. (1999) collected 11 samples of stinky brine in Taiwan. The pH 
values of these samples ranged from 5.32 to 7.72. There are several explanations for 
the variation in pH values of the brine including the differences in ingredients 
composition, the differences in fermentation stage when samples were collected, the 
complexity of the microorganisms involved in the fermentation brine and the soaking 
of tofu cubes (Lee et al., 1999). 
Changes in the pH value during fermentation of stinky brine were investigated 
by Lee et al. (1999). The microbial group A2 was used to prepare the stinky brine. 
Initially, the pH value of the broth was slightly acidic at 6.7 (Lee et al., 1999). It 
dropped to 4.7 after one week of fermentation (Lee et al., 1999). This might be due to 
the production of acid during the growth of both the Enterococcus spp. and 
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Lactobacillus spp. (Lee et aL, 1999). Later, the pH values gradually increased to 
about 7.5 (slightly alkaline) after 10 weeks of fermentation (Lee et al., 1999). 
Bacillus sphaericus was the major microorganism in microbial group A2, this 
microorganism produced extra-cellular proteases which hydrolyzed protein into 
amino acids and peptides (Lee et al., 1999). Ammonia was released and 
accumulated at the same time causing an increase in the pH value of the fermenting 
broth (Lee et aL, 1999). 
1.5.2 The salt percentage of stinky brine broth 
Lee et al. (1996) surveyed the salt percentage of the stinky brine and dip water. 
The salt percentages of stinky brines were about l.l%-2.6%, which were slightly 
higher than the dip water (1.22%-1.99%). Results obtained by Lee et al. (1999) were 
comparable, in which the salt percentages were around 1.3%-2.9%, with one 
exceptional case that had extremely high salt percentage of 7.3%. 
1.5.3 Volatile components of stinky brine broth 
Kim & Chung (2002) prepared stinky brine broth with the stem of amaranth in 
1.5% sterile brine water fermented at 28°C for 2 weeks, followed by soaking tofu in 
the broth for 6 hours. Changes in headspace composition of the broth and also the 
headspace of the deep-fat fried chaw tofu were analyzed by GC-MS. Results 
showed that the volatile compounds detected in the stinky broth at the end of 
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fermentation were also detected in the headspace of the corresponding chaw tofu. 
This implied that the volatile components of chaw tofu likely came from the stinky 
broth, especially during the soaking period of tofu in the broth. Homologous series 
of chemical classes were detected including acids (C2-C9), aldehyes (saturated: 
(C4-C15); unsaturated: (C3-C10)), alkanes (C2-C9), alcohols (C4-C9) and ketones 
(C7-C15). Sulfur-containing compounds including sulfur dioxide and 
dimethyldisulfide were also detected. 
1.5.4 Parameters affecting ammonia production of stinky brine 
Lee et al. (1999) found a positive relationship among ammonia production, the 
increase in pH value, and the intensity of stinkiness. The intensity of ammonia can 
act as an indicator of the progress of fermentation in the stinky brine. Lee et al. 
(2001) investigated the effect of fermentation temperature, agitation speed and sealing 
of fermentation bottles on the production of ammonia. 
The highest amount of ammonia was obtained when microbial group A2 was 
fermented at 35°C without agitation, and was loosely sealed in the fermentation 
bottles. There was an increase in ammonia production when the incubation 
temperature increased from 20°C to 35°C, and dropped when incubated at 40°C. 
This showed that the rate of ammonia production by microbial group A2 could be 
increased by raising the incubation temperature to the maximum of 35°C. 
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As the agitation rate increased, the ammonia production decreased. Apparently, 
increase in the agitation rate of the containers caused the dissolved ammonia in the 
broth to escape into the air and get lost more readily. 
When the fermentation containers were tightly capped, the concentrations of 
ammonia were as low as that of without fermentation. This indicated that suitable 
airflow (loosely capped) was necessary for the broth to ferment. 
1.6 Other fermented soy products 
There are many kinds of fermented soy products in the world. These products 
start with different forms of soybeans. Some of them utilized cooked whole soybean, 
like natto (Tadayoshi et al., 1998) and tempe (de Reu, 1995), while some used crushed 
soybean, like kinema (Sarkar et al., 1993) or pocessed soy product, like using tofu to 
prepare sufu (Han et al” 2001). Since information on many areas of chaw tofu is 
limited, existing information on other fermented soy products will be important in 
providing hints and directions for further investigations in chaw tofu. 
1.6.1 Microorganisms involved in the fermentation 
During fermentation, microorganisms produce extracellular enzymes to break 
down complex compounds like carbohydrate, protein and lipid to simple compounds 
(Reddy et al., 1986). Usually, bacteria or moulds are involved in the fermentation of 
soybeans (Reddy et al., 1986). Bacterial fermentation of soybean depends mainly on 
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Bacillus sp. especially B. subtilis while different strain of moulds, like Aspergillus sp.， 
Rhizopus sp., can be used for fermentation (Reddy et al., 1986). 
It is noticed that there is one major difference between the African and the Asian 
fermented food on the type of microorganisms used. In Africa, fermented soy 
products usually rely on bacteria whereas in Asia mainly depend on moulds (Odunfa, 
1985). However, there may have some exceptional cases in the Asia with utilization 
of bacterial fermentation, for example natto in Japan is based on bacterial 
fermentation (Hera, 1990). There is further discussion on the microorganisms 
involved in soybean fermentation in the following paragraphs. 
1.6.1.1 Fermentation of soybean by bacteria 
1.6.1.1.1 Natto 
Itohiki-natto, generally called natto, is a common unsalted fermented soybean 
food found in the northern part of Japan (Liu, 1997c). It is usually consumed with 
boiled rice or used as a flavoring agent in cooked meats, vegetables and seafood (Ohta, 
T., 1986). The whole, cooked soybeans are traditionally wrapped with rice straw for 
natural fermentation to occur (Liu, 1997c). The responsible microorganism in the 
rice straw was isolated and was first given the name Bacillus natto by Sawamura 
(Muramatsu, 1912). Muramatsu (1912) later confirmed that B. natto belonged to the 
B. subtilis group. After that, many strains of B. subtilis were found to be suitable for 
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the production of natto (Muramatsu et cd., 1995). 
1.6.1.1.2 Kinema 
Kinema is an unsalted, fermented, alkaline soybean food (Sarkar & Tamang, 
1995). It is traditionally consumed by the Nepalis living in the Karfeeling hills and 
Sikkim of India, Nepal and some parts of Bhutan. The product is also popular 
among the Lepchas and Bhutias (Sarkar et al., 1994). It is consumed as a condiment 
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and low-cost meat substitute (Sarkar, et al., 1993). Sarkar et al. (1994) isolated 
Bacillus subtilis, Enerococcus faecium, Candida parapsilosis and Geotrichum 
candidum from kinema samples collected from the local markets and showed that B. 
subtilis was the dominant microorganism. B. subtilis was the only microorganisms 
isolated from the raw soybean but G. candidum was not found in the laboratory-scale 
samples. Sarkar and Tamang. (1995) also showed that the load of B. subtilis at the 
start of the fermentation was high (10^ cfu g'^  wet weight). It was because it was 
present in the raw soybeans and processes (Sarkar & Tamang, 1995). Soaking and 
cooking did not reduce its high loading (Sarkar & Tamang, 1995). Both E. faecium 
and C. parapsilosis were not detected in raw soybeans but were present at the start of 
fermentation (Sarkar & Tamang，1995). This suggested that these microorganisms 
might have entered the fermentation through water as a medium (Sarkar & Tamang, 
1995). 
18 
1.6.1.1.3 Soy daddawa 
Soy daddawa is another product produced from the fermentation of whole 
cooked soybeans (Omafuvbe et aL, 2000). It is used as taste enhancer and low-cost 
, meat substitute in traditional dishes (Omafuvbe et al； 2000). It is also an important 
soup condiment (Omafuvbe, 1994) in Nigeria. Different kinds of bacteria were 
isolated and identified in laboratory-scaled soy daddawa, including Staphylococcus 
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epidermidis, Micrococcus luteus, Bacillus subtil is, B. licheniformis and B. pumilus 
(Omafuvbe et al., 2000). Among them, S. epidermidis and M luteus were the only 
ones detected at the onset of the fermentation while the Bacillus species, especially B. 
subtilis became dominant until the end of fermentation (72 hours) (Omafuvbe et al., 
2000). 
Inconsistency in the composition of microflora identified by various groups of 
researchers from the product was observed. Ogbadu and Okagbue (1988) did not 
isolate Micrococcus species, Staphylococcus species nor B. licheniformis during the 
first 48 hours of fermentation, while Popoola and Akueshi (1985) reported the 
presence of Staphylococcus species after 24 hours till the end of fermentation period 
(96 hours). As the presence of both Micrococcus species and Staphylococcus species 
were not critical to fermentation, their occurrence would not affect the quality of the 
final product (Omafuvbe et al., 2000). 
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Traditionally, the fermentation of soy-daddawa did not require the addition of 
salt. However, as salt is usually involved in the fermentation of oriental foods, 
Omafuvbe (1994) examined its effect on both the microbial load and the organoleptic 
qualities of foods. A range of 0 to 5% salt was added to soybeans during a 72-hour 
fermentation. Maximum microbial population and organoleptic score were obtained 
at a concentration of 1% NaCl. The predominant bacteria belonged to the Bacillus 
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species and had properties similar to both B. pumilus and B. subtilis. 
1.6.1.1.4 Hawaijar 
Hawaijar is a fermented soybean product consumed in Manipur in India (Singh 
& Devi, 1995). Leaves of fig plant {Ficus hispida L.) were used to wrap and 
introduced their microorganisms to the boiled soybeans for fermentation (Singh & 
Devi, 1995). Singh & Devi (1995) collected fresh leaves of Ficus hispida monthly 
from three locations in Imphal in India in 1990 and only two bacteria, Bacillus subtilis 
and Xanthomonas species, were isolated. They also found that Hawaijar prepared 
with B. subtilis was comparable to home-made traditional Hawaijar while that 
prepared with Xanthomonas species was unacceptable. So they concluded that B. 
subtilis was responsible for the fermentation. 
1.6.1.1.5 Thua nao 
There is also a Thai fermented soy product called thua nao. It is used as a 
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flavoring in soups and curries (Leejeerajumnean et al., 2001). Bacillus species were 
isolated from the fermented thua nao and it reached cfu g'' by wet weight after 
72-hour fermentation (Leejeerajumnean et al., 2001). Leejeerajumnean et al. (2001) 
did not detect any enterococci or yeasts. Only a very small amount of mould was 
detected after 72 hours and it was concluded that the fermentation was dominated by 
the growth of Bacillus species. 
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1.6.1.2 Fermentation of soybean by moulds 
1.6.1.2.1 Tempe 
Tempe is one of the most popular fermented foods of Indonesia and it had been 
consumed in Indonesia for centuries (Winamo & Reddy, 1986). It serves as a source 
of protein, calories and vitamins (Winamo & Reddy, 1986). It is also consumed by 
the immigrants from Indonesia in Malaysia, Surinam, Canada, and the Netherlands 
(Winamo & Reddy, 1986). It is a traditional fermented soy product prepared from 
dehulled, soaked and cooked soybeans inoculated with the mould Rhizopus 
oligosporus (de Reu, 1995). 
A well-made tempe should be a compact cake completely covered and 
penetrated by the white mold mycelium (Winamo & Reddy, 1986). The flavor of 
tempe is bland but attractive (Hesseltine & Wang, 1967). Different from the other 
fermented soybean products, tempe is a main dish rather than flavoring enhancer 
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(Hesseltine & Wang, 1967). 
1.6.1.2.2. Sufu 
Sufu, also called the Chinese cheese, is a fermented soybean curd that can be 
consumed as condiment or cooked with vegetables or meats (Su, 1986). It is 
produced by overgrown fresh soybean curd with mould mycelium to produce pehtze 
(Han et al., 2001). Several molds such as Mucor spp., Actinomucor spp. and 
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Rhizopus spp. are often used (Han et al,, 2001). Actinomucor elegans and 
Actinomucor taiwanensis are the best moulds to prepare pehtze (Han et al” 2001). 
After fermentation for 5-15 days, the pehtze is soaked in brine for another 6-12 days, 
dressing was added during ripening process (Han et al., 2001). After the growth of 
mould mycelia, salting of pehtze is required (Han et al., 2001) to help releasing the 
mycelium-bound enzymes to the tofu matrix (Wang, 1967). Red sufu is treated with 
red koji (hung-chu) while pale yellow or white sufu are not treated. Red Koji is a 
product prepared by growing the mold Monascus anka or Monascus purpureus on 
cooked rice (Su, 1986). 
1.6.1.2.3 Soy sauce 
Soy sauce is a salty condiment used in eastern Asia, it is called shoyu in Japan, 
Chiang-yu in China, kecap in Indonesia, Kanjang in Korea, toyo in the Philippines 
and see-ieu in Thailand (O'Toole, 1997; Djien, 1982; Beuchat, 1984; Fukushima, 
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1989). 
Koji starter, which stands for moldy grain in the Chinese character, is required 
for the fermentation of shoyu (OToole, 1997). The Chinese soy sauce differs in 
organoleptic qualities and composition from the Japanese shoyu (Nunomura & Sasaki, 
1989). The Chinese soy sauce is darker in color and has a higher specific gravity, 
viscosity, and nitrogen content than the Japanese soy sauce (Nunomura & Sasaki, 
1989). Koji fermentation is called the first fermentation which involves the growth 
of mold including Aspergillus oryzae or A. soyae on steamed cereals such as rice or 
legumes (HesseItine & Wang, 1967). The molds produce enzymes to convert 
complex plant constituents to simpler compounds (Hesseltine & Wang, 1967). The 
koji starter is mixed with soybeans and wheat, and fermented at 25-35口 (Hesseltine 
& Wang, 1967). In the second fermentation, lactic acid bacteria and yeast, e.g. 
Saccharomyces rouxii are added and cause vigorous alcoholic fermentation 
(Hesseltine & Wang, 1967; Nunomura & Sasaki, 1989). The liquid pressed out 
after fermentation is the final product shoyu. 
1.6.1.2.4 Soy paste 
Soy paste is another important oriental fermented soy foods. It is known as 
jiang (Mandarin) or chiang (Cantonese) in China; miso in Japan; jiang in Korean; and 
taucho or tao-tjo in Indonesia and Thailand; and taotsi in the Philippines (Liu, 1997c; 
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Fukushima, 2000). 
Koji starter pre-inoculated with Aspergillus orzyae or A. soyae, and bacteria 
(like Streptococcus faecalis, S. faecium, S. Rowci, Pediococcus halophilus and P. acidi 
lactici i) and yeasts (like Saccharomyces rouxii, Torulopsis versatilis and T. etchellsii) 
are mixed with steamed soybeans (Hesseltine & Wang, 1967; Ebine, 1986; Beuchat, 
1984). After fermentation, it is blended and mashed to form soy paste (Hesseltine & 
Wang, 1967). 
1.6.2 Formation of volatile compounds during Bacillus fermentation 
Many products around the world are prepared by the fermentation with Bacillus, 
subtilis. The formation of volatile compounds during Bacillus fermentation is 
discussed. 
B. subtilis produces pyruvate, acetate and a-acetolactate from sugars under 
aerobic conditions (Fisher & Sonenshein, 1991). The a-acetolactate is then 
decarboxylated to 3-hydroxy-2-butanone (acetoin) (Fisher & Sonenshein, 1991). 
The latter can be detected in the Bacillus subtilis fermented soybeans after 18 hours of 
fermentation (Owens et al,, 1997). The threshold value of 3-hydroxy-2-butanone is 
high (800 ppb in water) (Buttery et aL, 1990)，and it can be oxidized to butanedione 
which is an important aromatic compound in many foods (Owens et al., 1997). The 
concentration of butanedione after 18 hours of fermentation often exceeds its odor 
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threshold value (8.6 ppb in water) (Fazzalari, 1991) to produce recognizable sensation 
(Owens et al” 1997). Many pyrazines are also found during fermentation with 
Bacillus sub tills, including methyl, 2,3-dimethyl, 2,5-dimethyl, 2,6-dimethyl, 
trimethyl, tetramethyl, 2-ethyl-6-methyl, 3,5-dimethyl-2-ethyl and 
3,6-dimethyl-2-ethyl pyrazines (Owens et al., 1997). These compounds are detected 
in the natto and the liquid cultures of B. subtilis (Sugawara et al.，1985; Sugawara et 
aL, 1990; Yamaguchi et al., 1993). It is thought that during microbial fermentation, 
the metabolic activities of the microorganisms produced many kinds of precursors 
such as a-acetolactate, acetoin, free amino acids, ammonia and other compounds, and 
these precursors are converted to pyrazines under the non-enzymatic reactions (Rizzi, 
1988). Pyrazines are also produced by the condensation of a-amino ketones which 
are formed by the Strecker degradation of amino acids with a-dicarbonyl compounds 
(MacLeod & Ames, 1988). 
Owens et al. (1997) detected various aromatic compounds in fermented soybean 
cotyledons. Compounds with concentrations exceeding their odor threshold values 
included l-octen-3-ol, nonanal, decanal, 3-hydroxy-2-butanone, butanedione, 
3-octanone, 2,5-dimethyl-pyrazine, 3,6-dimethyl-2-ethylpyrazine, 2-pentylfuran, 
dimethyl sulphide, benzaldehyde and 2-methoxyphenol. In thua nao, similar volatile 
compounds were also found including butanone, 3 -hydroxybutanone, 
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2-methylbutanoic acid, pyrazines, 2-pentyl furan and dimethyldisulfide 
(Leejeerajumnean et aL, 2001). 
During sporulation, B. subtilis produces various extracellular enzymes such as 
amylases, proteases, lipases and sucrases (Sonenshen et al., 1993). The bacterial 
proteases hydrolyze large protein molecules into small amino acid molecules (Owens 
et al., 1997) which can be utilized as an energy source (Sarkar et al., 1993). At the 
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same time, rise in the pH and the development of amnionic odor occur as a result of 
protein degradation (Owens et aL, 1997). Some of the volatile compounds identified 
in thua nao are likely products of amino acid metabolism including 
2-methyl-1 -propanol, 3-methylbutanal, 2-methylbutanoic acid, benzaldehyde, 
dimethyldisulfide, dimethyltrisulfide and indole (Tamman et al., 2000; 
Leejeerajumnean et al., 2001). 
Tanaka et al (1998) investigated the volatile compounds of natto. They found 
that acetone was the major volatile compound identified from natto followed by ethyl 
acetate, methyl isobutyrate, ethanol, ethyl isobutyrate, acetonitrile, thiophene, acetoin 
and acetic acid. By using GC-sniffmg, ammonia and 2,5-dimethylpyrazine were 
identified to be responsible for the natto-like odor. Other reports also stated that 
diacetyl (2,3-butaindione), acetoin (3-hydroxy-2-butanone), 2-methylpropanoic acid 
and 2-methylbutanoic acid were the major odor components (Obata & Matano, 1959a; 
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Obata & Matano, 1959b; Kanno et al.，1984). 
There are many kinds of Bacillus subtilis fermented soy products and they 
posses a wide range of aromas. Owens (1997) showed that the B. subtilis fermented, 
roasted and autoclaved soybean cotyledons had an aroma similar to the commercial 
frozen Japanese natto. However, African locust bean daddawa and Thai thua-nao 
had an aroma similar to the aroma characteristics of the southeast Asian fish sauce 
(Owens, 1997). Although these products are produced from the same substrate (i.e. 
soybean) and fermentation bacteria {B. subtilis), they produce quite different aromas 
and cause different overall sensations. In Table 1.4, volatile compounds that were 
previously found in both Bacillus subtilis fermented soybean and other fermented 
soybean products are listed. 
1.6.3 Biochemical changes during fermentation 
Biochemical changes in the fermenting food substances during fermentation are 
quite important in producing the final products. Enzymes produced and released by 
the specific microorganisms involved in the fermentation process are very crucial to 
the successful production of the products. 
During tempe fermentation, there was a decline in dry matter (Sparringa & 
Owens, 1999). It was mainly due to the reduction in the crude lipid (Sparringa & 
Owens, 1999). The dry matter decreased from 1 kg at the beginning of fermentation 
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to 0.910 kg in 46 hours, and then to 0.835kg in 72 hours (Sparringa & Owens, 1999). 
The loss of lipid during these times accounted for about 70% and 80% of loss in the 
total dry matter, respectively (Sparringa & Owens, 1999). Nowak & Szebiotko 
(1992) reported that there was a slight decrease in the protein nitrogen but Sparringa 
& Owens (1999) reported that the total nitrogen basically remained the same. 
During fermentation, there was an increase in the water-soluble solids, trichloroacetic 
acid (TCA) soluble nitrogen (de Reu, 1995), ammoniacal and amino-nitrogen (Nowak 
& Szebiotko, 1992). Nowak & Szebiotko (1992) reported that the protein nitrogen 
decreased from 90.1% to 72.3% after 48 hours of fermentation, while the TCA soluble 
nitrogen, ammoniacal nitrogen and amino nitrogen increased from 9.5% to 27.0%, 
2.1% to 7.5% and 0% to 10.9%, respectively. The changes in nitrogen contents are 
probably due to the proteases produced by R. oligosporus, these proteases were 
characterized by Wang et al. (1974) as aspartic proteases which have endopeptidase 
activities. 
Sarkar et al. (1993) noted that the initial phase of kinema fermentation was 
characterized by microbial multiplication and decrease in pH with almost no 
proteolytic activity or ammonia production. In the second phase, there was a very 
large increase in both the microbial biomass and the proteolytic activity followed by 
the production of ammonia and increase in pH. 
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In the initial state of kinema fermentation, there was no significant increase in 
free fatty acids and non-protein nitrogen (Sarkar & Tamang, 1995). It indicates that 
the carbohydrates but not the proteins nor fats were preferred and utilized as 
substrates for metabolism and growth of the microorganisms (Sarkar & Tamang, 
1995). Bacillus subtilis was able to hydrolyze carbohydrates in soybeans (sucrose, 
raffinose and stachyose) (Smith & Circle, 1978) to produce acids and cause a drop in 
pH value (Sarkar et aL, 1993; Sarkar & Tamang, 1995). The later increase in pH 
value was due to ammonia production from the microbial proteolytic activities 
(Sarkar et al., 1993; Sarkar & Tamang, 1995). 
Sarkar & Tamang (1995) further investigated the changes in proximate 
composition during kinema fermentation. They observed that there was a significant 
increase in the total nitrogen content of the raw soybean. This increase was due to 
the ability of B. subtilis to fix nitrogen from air (Sarkar & Tamang, 1995). Protein 
nitrogen content declined significantly while the non-protein nitrogen and soluble 
nitrogen were significantly increased (Sarkar et al., 1993). The increases in 
non-protein and soluble nitrogen were also due to the protease production from B. 
subtilis during fermentation (Sarkar & Tamang, 1995). 
During traditional fermentation of soy daddawa, the pH value and the total free 
amino acids increased (Omafuvbe et al., 2000). The rise in pH was due to the 
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proteases released from the microorganisms, and protein was broken down into 
ammonia and amino acids (Omafuvbe et al., 2000). Ammonia was also responsible 
for the ammonic odor of kinema (Sarkar et al., 1993) and other fermentation 
involving vegetable protein. The increase in total free amino acids corresponded to 
the increase in protease activity in the first 36 hours of fermentation. Afterwards, the 
protease activity dropped while the free amino acids rose constantly (Omafuvbe et al., 
2000). 
Similar trends were also observed during natto fermentation (Sakurai, 1960). 
The substrate decreased in total nitrogen but increased in water-soluble, amino and 
ammonia nitrogen (Sakurai, 1960). 
1.7 Methods of flavor analysis 
Flavor is the interaction of sensation basically composed of aroma and taste, and 
also the texture and temperature of the food (Reineccius, 1994a). Among the 
sensation, aroma is the most important characteristic of flavor, therefore the analysis 
of aromatic compound in food becomes more and more important. Thousands of 
chemicals were identified in food but only few of them were flavor-active, hence 
investigations were focused on identification of these compounds (Stephan, et al, 
2000). 
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1.7.1 Headspace Analysis 
Headspace is the gas sample which has been previously in contact with the food 
substance and from which the volatile compounds were released into the headspace 
(Kolb, 1999). The term headspace gas chromatography (HS-GC) referred to the 
technique that the volatile sample constituents are transferred into the headspace and 
followed by analysis by gas chromatography (Kolb, 1999). 
There are two types of headspace, one is static or equilibrium headspace and the 
other is dynamic headspace (Kolb, 1999). The static or equilibrium headspace is the 
headspace when the sample was placed in a closed container and in contact and in 
equilibrium with the extracting gas while the dynamic headspace is the headspace 
when the volatile compounds of the sample was stripped off in a continuous flow of 
an inert gas (Kolb, 1999). Under dynamic headspace technique, the stripped volatile 
compounds are trapped on a porous material like Tenax TA, Chromosorbl06, 
graphitized carbons and carbon molecular sieves (Pillonel, et al., 2002). 
HS-GC can detect the very readily volatile, odor-active compounds (Stephan, et 
al, 2000). It can help to analyze the real headspace above the sample (Holscher & 
Steinhart, 1992; Nawar, 1971). However, the yields of most odorants in the 
headspace are low, especially for the difficult volatile compounds (Stephan, et al, 
2000). 
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Enrichment techniques like cryogenic trapping can then be necessary to increase 
the detectability by concentrating the volatiles compounds (Kolb, 1999). Cryogenic 
condensation is a technique that volatile compounds are condensed and trapped in a 
cool trap (a capillary tube) which is cooled by liquid nitrogen or solid carbon dioxide 
(Pillonel, et al” 2002). Since water may clog the trap, it has to be removed from the 
carrier gas before entering the cool trap (Pillonel, et al. 2002). There are three main 
advantages of cryogenic trapping against other trapping techniques including no 
artifact from thermal desorption, no carry over and no breakthrough problem (Pillonel, 
etal, 2002). 
1.7.2 Aroma characterization 
There are many volatile compounds present in a food and only few of them are 
odor-active (Friedrich & Acree, 1998). In previous section, the two HS-GC 
techniques are discussed. However, these techniques do not aim to identify 
individual odor-important compounds (Friedrich & Acree, 1998). 
Olfactory GC-techniques (GC-0) can separate identified volatiles into odorous 
and non-odorous compounds by the addition and use of a sniff-detector (Stephan et aL, 
2000). In this technique, a sample is injected into a GC coupled with an olfactometer 
at the end of a analytical column (Friedrich & Acree, 1998). Sniffers position his/ 
her nose at the olfactometer outlet, and record the time and the perception of the 
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humid air stream (Friedrich & Acree, 1998). A sniffer usually uses a word or a group 
of words to describe the nature of their perception (Friedrich & Acree, 1998). 
There are two principal GC-0 techniques developed in the 1980s to divide the 
volatiles further into odorous ones with high aroma relevance and secondary 
importance (Friedrich & Acree, 1998). The techniques are aroma extract dilution 
analysis (AEDA) (Ullrich & Grosch, 1987) and CharmAnalysis™ (Acree et al., 
1984). 
AEDA is performed by stepwise-dilution of volatile extracts of a sample and the 
sample is sniffed until at the dilution that no compounds can be perceived (Stephan & 
Steinhart, 1999). The results of AEDA are presented by flavor dilution 
chromatograms (Stephan et al., 2000). CHARM analysis contains information about 
the intensity and the duration of olfactoric perception (Stephan et al., 2000). The 
presentation of CHARM results is by CHARM-aromagrams or -diagrams (Stephan et 
al., 2000). 
Rothe and Thomas (1963) developed another approach to characterize the 
compounds that cause the aroma of a food, called odor activity values (OAVs). This 
concept considers the concentration of the odorant in the food and its threshold value 
(Stephen et al., 2000). Under this concept, it is assumed that the perceived intensity 
is proportional to the aroma and the published threshold values were usually 
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determined in model mediums but not in the sample medium (Stephan et al., 2000). 
However, the OAV is still very useful in aroma research because of the 
comprehensive availability of threshold values (Stephan et al., 2000). This concept 
helps us to focus on a selected number of odorants and to evaluate their odor impact 
(Stephan et al., 2000). 
In the current study, the volatile compounds presented in the headspace of chaw 
tofu will be identified and quantified, OAVs can be calculated when comparing the 
concentrations of the compounds in the headspace and the published threshold values. 
At the same time, GC-O will be carried out to identify the odorous compound. After 
that, odorous compounds of chaw tofu can be identified and these compounds can be 
used as marker compounds for quality control. Model fermentation broths of chaw 
tofu will also be prepared and the changes in volatile compounds present in the 
headspace and the deep-fat fried fermented tofu; changes in viable cell counts, pH 
values, soluble solid contents and proteolytic activities of the model broths during 
fermentation were monitored and compared. 
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Table 1.1: Soy food products and common name in different countries 
Nation of origin 
Product  
Japan China Korea Other 
Nonfermented soy food products 
Fresh soybeans Edaname Mao-dou Put kong 
Soybean sprouts Daizu no Huang-dou-ya Kong na moal 
moyashi 
Soy milk Tonyu Dou-jiang Kong kook 
Soy milk film Yuba Dou-fu-pi Fu chok (In.) 
� Fu chok (Ma.) 
Soybean curd 
Fresh Tofu Dou-fu Doo bu Tahu (In.) 
Tau-foo (Ma.) 
Frozen-dried Kori tofu Kong-dou-fu Tokua (Ph.) 






Toasted soy Kinako Dou-fen Kang ka rau Bubuk kadele (In.) 
flour 
Fermented soy products 
Whole soybeans Natto Tempeh (In., Ma.) 
Hamanatto 
Soy paste Miso Jiang Doenjan Tauco (In., Ma.) 
Tao si (Ph.) 
Soy sauce Shoyu Jiang-you Kangjang Kecap (In., Ma.) 
Tayo (Ph.) 
Soy curd Sou-fu 
Soy pulp Tempeeh gembus 
Oncom ampas tahu 
^  
a In. = Indonesia, Ma. = Malaysia, Ph. = Philipines 
Source: Snyder & Kwon 1987, Wilson, 1992 
35 
Table 1.2: Comparison of the amino acid composition (mg/g Protein) between a 
High Protein Soybean Genotype (OT89-16) and a Normal Variety (Maple 
Arrow) 
Amino acid Maple Arrow OT89-16 
Essential 
Cysteine 25.00±0.67 23.25±1.03 
Histidine 34.38±5.65 32.28±4.93 
�Isoleucine 51.58±0.50 50.056±1.37 
Leucine 81.69±0.73 78.83±2.67 
Lysine 68.37±1.06 62.06±2.09 
Methionine 10.70+0.31 9.64+0.50 
Phenylalanine 56.29+0.63 52.62+1.92 
Threonine 41.94±1.79 42.05+1.22 
Tryptophan 12.73±0.41 12.20 土 0.47 
Tyrosine 41.55 土0.64 38.83±1.42 
Valine 54.27±0.32 51.08±0.23 
Nonessential 
Alanine 40.23±1.11 38.04+2.07 
Arginine 77.16±2.35 80.21±4.63 
Aspartic acid 68.86±3.39 81.77+4.52 
Glutamic acid 190.16+342 200.07+3.34 
Glycine 36.72+0.15 35.97±1.23 
4-Hydroxyproline 1.40+0.02 1 • 12土0.08 
Proline 52.91±2.38 51.76±L18 
Serine 54.05土 1.66 58.13±2.12 
Source: Zarkadas, et aL, 1993 
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Table 1.3: Proximate composition of some traditional soyfoods 
Soluble 
Soyfood Moisture Protein Fat carbohydrates Fiber Ash Source 
Hesseltine & 
Soybeans 12.0 34.3 17.5 26.7 4.5 5.0 
� Wang (1972) 
Shi & Ren 
Soymilk 88.8 3.2 3.6 3.9 0.0 0.5 �� (1993) 
Shi & Ren 
Soft tofu 90.3 5.3 0.9 2.5 0.1 0.9 
(1993) 
Shi & Ren 
Firm tofu 84.0 10.7 2.1 2.0 0.3 0.9 
(1993) 
Shi & Ren 
Sufu (red) 55.5 14.6 5.7 5.8 0.6 17.8 ^^^^^^ 
Shi & Ren 
Sufu (white) 56.5 14.4 11.2 4.8 0.7 12.4 ^^^^^^ 
Hesseltine & 
Natto 58.5 16.5 10.1 10.1 2.3 2.6 
Wang (1972) 
Soybean Hesseltine & 
) 47.5 16.8 6.9 13.6 2.3 13.0 
miso Wang (1972) 
Winamo 
Tempeh 64.0 18.3 4.0 11.0 1.7 1.0 
^ (1989) 
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(Cont'd) Table 1.4: Volatile compounds found in different fermented soybean 
products 
Compound Thua ^ , Red 
BFS“ , Natto ^ Miso ' Shoyu ‘ FSC" 
nao b FSC ‘ 
Alcohols 
2-Furanmethanol + + 
Ethanol + 
1-Propanol + + 
2-Methyl- 1-propanol + + + + 
1-Butanol + + + + 
3-Methyl-1-butanol + 
2-Butanol + + 
2-Methylbutanol + + 
3-Methylbutanol + + 
1-Pentanol + + 
2-Pentanol + 
1-Hexanol + + + + 
1-Octen-3-ol + + + + 
3-Octanol + 
2,3-Butanediol + + 
Meso-2,3 -butandiol + + 
Phenol + + 
4-Ethylphenol + + 
4-Ethyl-2-phenol + 
2-Methoxyphenol + + + 
4-Ethyl-2-methoxyphenol + 
2,6-Dimethoxyphenol + + 
Benzyl alcohol + + + 
2-Phenylethanol + + + + 









(Cont'd) Table 1.4: Volatile compounds found in different fermented soybean 
products 
Benzaldehyde + + + + + + + 
Phenylacetaldehyde + + + 
2-Phenyl-2-butenal + + 
Ketones + 
1-(2-Furanyl)ethanone + 
1 -Hy droxy-2-propanone + 
Butanone + + 
Methyl butanone + 
Butanedione 





5-Methyl-2-hexanone + + + 










3-Methylbutyl acetate + + 
Ethyl phenyl acetate + + 
2-Phenylethyl acetate + + 
Methyl phenyl acetate + 
Methyl propionate + 
Ethyl 3-phenylproprionate + + 
Methyl 2- or 3-methylbutanoate + 
Ethyl butanonoate + + 
Ethyl 2-methylbutanoate + 
Ethyl 3-methylbutanoate + 
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(Cont'd) Table 1.4: Volatile compounds found in different fermented soybean 
products 
Ethyl 3-hydroxybutanoate + 
Decyl butanote + 
Ethyl 3-methylpentanoate + + 
Ethyl hexanoate + + 
Ethyl lactate + + 
Ethyl octanoate + + + + 
Ethyl benzoate + 
Diethyl succinate + + 
Ethyl tetradecanoate + + + 
\ 
Methyl hexadecanoate + 
Ethyl hexadecanoate + + + + 
Ethyl nonadecanoate + 
Ethyl octadecanoate + 
Ethyl (Z)-9-octadecenoate + + + 
Ethyl (Z,Z)-9-12-octadecadienoate + + + 
Ethyl (Z,Z,Z)-9-12-15- + + + 
octadecatrienoate 
Pyrazines 
2-Methylpyrazine + + 
2-Ethyl-6-methylpyrazine + 
3,5-Diethyl-2-methylpyrazine + 
2.5-Dimethylpyrazine + + + 
2.6-Dimethylpyrazine + + 
3-Ethyl-2,5-dimethylpyrazine + + 
Trimethylpyrazine + + + 
Tetramethylpyrazine + + + 
3.5-Dimethyl-2-ethylpyrazine + 
3.6-Dimethyl-2-ethylpyrazine + 
2,3,5-Trimethyl-6-ethylpyrazine + + 




3-Methylthiopropanal + + 
3-Methylthiopropanol + + 
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(Cont'd) Table 1.4: Volatile compounds found in different fermented soybean 
products 
Nirogen containing compound 
Acetyl pyrrole + + 





HDMF^ + + 
HEMFg + + 
HMF^ " + 
Dihydro-5-pentyl-2(3//)-furanone + + 
Acids 
Acetic acid + + 
2-Methylpropanoic acid + + 
2-Methylbutanonic acid + 
Benzoic acid + 
Furans 
2-Pentylfuran + + + 
5-Methylfurfural + + 
Fufuryl alcohol + + 
2-Furancarboxal dehy de + 
Miscellaneous 
Maltol + + 
Vinylbenzene (Styrene) + 
“BFS- Bacillus subtilis fermented soybean; Owens et al., 1997 
b Leejeerajumnean et cd., 2001 
Kobayashi & Sugawara, 1999 
d FSC- Fermented soybean curd; compounds listed were detected in all three samples 
and with concentration higher than 100 |Lig/kg; Chung, 1999 
^ Red FSC- Red fermented soybean curd; compounds listed were detected in all three 
samples and with concentration higher than 100 fag/kg; Chung, 2000 
f HDMF- 4-Hydroxy-2,5-dimethyl-3(2H)-furanone 
g HEMF- 4-Hydroxy-2(or 5)-ethyl-5(or 2)-methyl-3(2H)-furanone 
h HMF- 4-Hydroxy-5-methyl-3(2H)-furanone 
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CHAPTER 2 
IDENTIFICATION OF ORDOROUS COMPOUNDS IN 




Chaw tofu, also known as stinky tofu, is a traditional Chinese snack. It is 
well-known for its typical stinky smell and interesting texture (Chang, 1993). In 
Hong Kong, chaw tofu is a snack which is usually deep-fat fried and served with spicy 
sauces. 
Traditionally, natural fermentation is used for the fermentation of chaw tofu 
(Chang, 1993). Vegetables or fruits such as amaranth, bamboo shoots, winter melons, 
mustard greens, etc. are first soaked in brine solution for at least eight months for the 
first time to prepare a chaw-tofu broth (Chang, 1993; Lee et al., 1996). By that time, 
the broth becomes stinky and is ready to be used (Chang, 1993; Lee et aL, 1996). 
Salty vegetable juice, stinky fish, shrimp, etc, or even soda water, ammonia and other 
chemicals can also be used to make the stinky broth (Chang, 1993). These 
substances can increase the stinkiness of the broth more than the one mentioned 
earlier. However, such broth may not be as safe and as tasty as the products from the 
natural fermentation of vegetables and fruits (Chang, 1993). When the broth is well 
fermented, fresh tofu is introduced and soaked in it until the stinky smell developed 
which takes about 4-6 hours (Lee et al., 1996). After soaking, tofu is ready for 
deep-fat frying. 
During chaw tofu fermentation, soy protein was broken down into amino acids 
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by action of microorganisms (Chang, 1993). Subsequently, the substances 
responsible for the bad stinky smell evaporated at high temperature during deep-fat 
frying. At the same time, some amino acids were transformed to produce pleasant 
volatile components (Chang, 1993). Nevertheless, information on the volatile 
compositions of commercial chaw tofu is limited, and the identities of the odorous 
compounds or markers are not clearly known. These compounds could be important 
\ 
in the quality control during fermentation. 
Injection of static headspace samples into gas chromatography equipped with 
cryogenic trap was used for volatile components analysis in this study. 
The term headspace is the gas sample with volatile compounds which was 
previously in contact and equilibrates with liquid or solid samples (Kolb, 1999), it is a 
very useful tool for isolation of volatile compounds (Stephan et al., 2000). The 
advantage of static headspace analysis is that it measures the real, readily volatile, 
odor-active compounds (Stephan et al., 2000). Because no solvent is required for 
extraction, so this method can identify compounds that elute with the solvent peak 
(Hems, et al., 2002). 
Since the concentrations of some volatile compounds may be quite low that are 
difficult to be isolated, cryogenic trapping is needed. It is an efficient way to enrich 
the concentration of volatile compounds by trapping due to condensation at very low 
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temperature followed by instantaneous evaporation (Kolb, 1999). 
After quantifying the concentration of volatile compounds, odor activity values 
(OAVs) of compounds can be calculated. It is a useful tool to select a number of 
odorants and evaluate their odor impacts by taken into consideration of both the 
concentration of a compound in the sample and its threshold value (Stephan et al., 
2000). 
\ 
The objectives of this experiment were to qualitatively and quantitatively 
( 
analyze the volatile components in fresh and deep-fat fried chaw tofu samples and to 
identify the odorous compounds by calculating OAVs. 
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2.2 Materials & Methods 
2.2.1 Experimental samples 
Commercial chaw tofu samples were purchased from three locations in Hong 
Kong (登打士街5號南方菓汁，登打士街3號車麵王，水渠道30-32A美味食店)， 
three chaw tofu cubes were purchased from each location. The commercial chaw 
tofa samples purchased were about 8cm x 5 cm x 5cm in size and in greyish white 
color. Samples were transported back immediately to the laboratory at the Chinese 
University of Hong Kong and were kept at 6 °C before analyses. Samples were 
deep-fat fried at about 150°C for 10 minutes or until the surface became golden in 
color. About five grams of deep-fat fried (spl-sp3) or fresh sample (rspl-rsp3) 
were homogenized and transferred to a 20-ml glass headspace vial with a 20mm 
polyethylene seal associated with TFE/ silicon liner (Alltech Associates, Inc., 
Deerfield, IL, USA). The system was equilibrated in a 60 °C incubator (Boekel 
13200-2, Feasterville, PA, USA) for 1 hour before headspace analysis. Triplicate 
headspace analyses were done by analyzing the three chaw tofu cubes purchased 
from the same location under the same experimental condition. 
2.2.2 Headspace-Gas Chromatography-Mass Spectrometry (GC-MS) 
A GC-MS system was used for both qualitative and quantitative analyses. 
Five-milliliter headspace volume was withdrawn with a ten-milliliter luer lock 
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gas-tight syringe (SGE lOMR-LL-GT，Ringwood, Australia) from the equilibrated 
glass headspace vial and immediately injected into a GC-MS (Hewlett-Packard (HP) 
6890 GC coupled with a HP 5973 mass selective detector (MSD)) (Hewlett-Packard 
Co., Palo Alto, CA, USA) installed with a temperature programmable cooled injection 
system (CIS 4, Gerstel GmbH & Co. KQ Germany). Cryogenic cooling of the CIS 4 
at -120°C was maintained by liquid nitrogen in split mode and temperature was held 
\ 
during headspace injection to cryofocus the volatile compounds. After injection, the 
CIS was switched back to splitless mode. It was then heated up to 230°C at a ramp 
rate of 10°C/s and held at 230°C for 1 Omin. The CIS was further heated up to 240°C 
at a ramp rate of 10°C/s and held at that temperature for lOmin. 
2.2.3 Conditions of the Gas chromatography-Mass spectrometry (GC- MS) 
The headspace samples were injected through the CIS 4 into a fused silica 
open tubular column (Supelcowax-10, 60 m length x 0.25mm i.d. x 0.25jum film 
thickness, nominal; Supelco, Inc., Bellefonte, PA, USA) at splitless mode. Helium 
gas (ultrahigh purity grade, 99.999%) was used as carrier gas with constant linear 
velocity at 30cm/s at constant flow. The oven temperature was programmed from 35 
to 195°C, the initial hold time was 5 minutes with a ramp rate of 6°C/ min, followed 
by 10 minutes final hold time. Mass spectrometry conditions were as follows: MS 
interface temperature, 250°C; ion source temperature, 230°C; MS quadrupoles 
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temperatures, 106°C; ionization voltage, 70eV; mass range, 33-500 amu; scan rate, 
2.94 scans/s and electron multiplier voltage, 1200V. 
2.2.4 Compound identifications 
Positive identifications of compounds were done by matching mass spectra of 
unknown compounds in the sample with that suggested by the Wiley Chemical 
database Edition, John Wiley & Sons, Inc., New York, NY, USA) and 
\ 
comparing the mass spectra and retention times with that of the authentic standards 
under the same experimental conditions (Chung, 2000). 
2.2.5 Quantification of compounds 
A 3-point standard curve was used for quantification of each positively 
identified compound (Chung, 2000). The concentration of each compound was 
calculated from the slope of its standard curve. 
2.2.6 Statistical analysis 
Concentrations of compounds from the three samples were analyzed by one-way 
analysis of variance (ANOVA) and compared by the Tukey test at p=0.05 level of 
significance using SPSS 10.0 (SPSS Inc., Chicago, IL, USA). Concentrations of 
compounds from both fresh and deep-fat fried samples were analysis by student /-test 
at /7=0.05 level of significance. 
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2.2.7 Calculation of odor activity value (OAV) 
OAV is the ratio between concentration of a compound in the sample and its 
threshold value (Friedrich & Acree, 1998). Usually, compound with high aroma 
value is important to the odor of a food (Buttery, 1999). Threshold values in air are 
used in this study since headspaces of samples are evaluated in this experiment. 
However, if no such published threshold, thresholds in water or other media were 
used as a reference. 
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2.3 Results & Discussion 
A combined total of 37 volatile compounds were identified in the fresh and 
deep-fat fried commercial chaw tofu samples including 11 alcohols, six ketones, five 
acids, five sulfur-containing compounds, four aldehydes, two furans, and four 
miscellaneous compounds. Among them 27 compounds were commonly found in 
all fresh and deep-fat fried samples. Average concentrations of compounds detected 
\ 
in fresh and deep fat fried chaw tofu samples were listed in Tables 2.1 and 2.2 
respectively. 
All of the compounds, except S-methyl thioacetate, had been previously found in 
fermented soybean products including white and red sufus, chaw tofu fermentation 
model broth, miso, Bacillus subtilis fermented soybean, Chung-Jang and 
Itohiki-Natto, etc. (Chung, 1999; Chung, 2000; Hwan & Chou, 1999; Kim & Chung, 
2002; Ku et al, 2000; Leejeerajumnean et al, 2001; Owens et al, 1997; Tanaka et al, 
1998). These compounds were responsible for the odor of fermented soybean 
products and were produced during the fermentation of soybean, through the action of 
bacteria likes Bacillus subtilis or by mould like Mucor species and Actinomucor 
species. S-methylthioacetic was previously identified in cheese, and produced from 
methanthiol and acetic acid by Brevibacterium linens. 
All aldehydes, alcohols (except 2-ethyl-l-hexanol and phenol), ketones (except 
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1-phenylethanone), acetic acid, dimethyldisulfide, 2-ethylfuran and 2-pentylfuran had 
been detected in heated soybean and unflavored textured soy protein (Ames & 
Macleod, 1984). 
2.3.1 Odor activity value (OAV) 
Odor activity value (OAV) is the ratio between the concentration of a compound 
in a sample and its detection threshold. OAV is used as a criterion to distinguish the 
odorous compounds from other compounds. Buttery (1999) stated that a compound 
with high OAV was usually more important to the flavor than compounds with low 
OAV. Threshold values of identified compounds were listed in Tables 2.1 and 2.2 
with the medium specified. 
Since OAV is the ratio between concentration of a compound and its threshold 
values, it can only be calculated if threshold value can be obtained. 
2.3.2 Volatile compounds in fresh samples 
Table 2.1 shows a combined total of 34 volatile compounds were identified in the 
fresh commercial chaw tofu samples including 11 alcohols, six ketones, five acids, 
five sulfur-containing compounds, two aldehydes, two furans, and three 
miscellaneous compounds. Among them, 30 compounds were commonly found in 
all three fresh samples. 
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A total of 15 compounds detected in all fresh samples had OAVs larger than one, 
they are pentanoic acid, dimethylsulfide, ethanol, butanoic acid, 1-propanol, hexanal, 
2-pentylfuran, 2-heptanone, 2,3-butandione, 1-hexanol, dimethyldisulfide, 
benzaldehyde, 3-octanone, styrene and propanoic acid in descending order of the 
average OAVs. 
2.3.2.1 Comparison of odorous compounds in fresh samples among different 
locations 
From Table 2.1, it can be found that the OAVs of seven compounds were larger 
than one in some locations but less than one in the other, this may lead to slight 
difference in overall aroma percepted among locations. They were 1 -butanol, 
3-methyl-1-butanol, 1-pentanol, 2-butanone, acetic acid, dimethyltrisulfide and ethyl 
butyrate. These compounds are discussed as the differences among locations in the 
following paragraphs. 
Generally, fresh samples 1 and 2 were quite similar in terms of their OAV results. 
Some of the compounds are having OAVs larger than one in both fresh samples 1 
and 2 but less than one in sample 3. They are 1-butanol, 1-pentanol, 2-butanone, 
dimethyltrisulfide and ethyl butyrate. The last two compounds were even not 
detectable in samples 3. Since dimethyltrisulfide had alliaceous, diffusive, meaty 
and penetrating aroma, and ethyl butyrate possessed fruity, sweet and ethereal aroma, 
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which were not the typical aroma descriptors for chaw tofus, differences in OAVs of 
these compounds between samples 1 and 2, and sample 3 might have affected the 
odor of individual samples but not the overall perception as chaw tofu. However, 
as the OAVs of dimethly trisulfide in samples 1 and 2 were more than several 
thousand, at such a high concentration, the aroma perception could be very strong 
and different, further investigation will be necessary on the actual perception at this 
level. And at the same time, the published detection thresholds of these two 
compounds were reported for water medium rather than air, so their OAVs would not 
fully represent the present situation. 
Apart from the above compounds, OAVs of 3-methly-1 -butanol and acetic acid 
were also larger than one in some samples but less than one in the other. The OAV of 
3-methyl-1-butanol in samples 2 was larger than one and that of acetic acid in samples 
1 and 3 were larger than one but less than one in the other samples. In addition, 
thiophene was only detected in samples 2 and 3. These three compounds are all 
pungent and their different concentrations from different locations masked the weaker 
compounds in a sample. 
2.3.3 Volatile compounds in deep-fat fried samples 
A total of 32 volatile compounds were identified in the deep-fat fried commercial 
chaw tofu samples including nine alcohols, five ketones, five acids, five 
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sulfur-containing compounds, four aldehydes, two furans, and two miscellaneous 
compounds (Table 2.2). Among them, 29 compounds were commonly found in all 
three deep-fat fried samples. 
In deep-fat fried samples, 15 compounds were detected in all fried samples and 
had OAVs larger than one, they are pentanoic acid, 3-methyl-butanal, dimethylsulfide, 
ethanol, butanoic acid, 1-propanol, hexanal, 2,3-butandione, 2-heptanone, 
\ 
2-pentylfuran, benzaldehyde, 1-hexanol, dimethyldisulfide, 2-butanonoe and 
propanoic acid, in descending order of their average OAVs. 
2.3.3.1 Comparison of odorous compounds in deep-fat fried samples among 
different locations 
Among the deep-fat fried samples, the OAVs of 1-butanol, acetic acid, 
dimethyltrisulfide and 1 -pentanol were larger than one in some samples but less than 
one in the others. These compounds will be discussed as the difference among 
locations in the following paragraphs. 
The OAVs of 1-butanol were larger than one in samples 1 and 2 but lower than 
one in samples 3. Also, the OAVs of both acetic acid and dimethyltrisufide were also 
larger than one in sample 1 but not in samples 2 nor 3. These latter two compounds 
were having OAV larger than one in fresh sample 3 and fresh sample 2 respectively, 
but after frying, their concentrations dropped below the detection thresholds and 
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likely caused the odor differences among samples. 
2.3.4 Comparison between fresh and deep-fat fried samples 
The compositions of volatile compounds between fresh and deep-fat fried 
samples were different. 3-Methylbutanal and pentanal was only detected in deep-fat 
fried samples. 3-Methylbutanal was a Maillard reaction product in French fries, 
which is also a deep-fat fried product (Wagner 8c Grosch; 1997), so it was detected in 
\ 
deep-fat fried samples only. Aliphatic aldehydes was suggested to be originated 
from oxidation of frying oil in fried tempeh (Apriyantono et al, 2001) and pentanal in 
the deep-fat fried samples in this experiment might be also originated from oxidation 
of frying oil, while l-octen-3-ol, 3-octanone, ethyl butyrate and styrene was only 
detected in the fresh samples. Apriyantono et al (2001) suggested that the 
concentration of alcohols, fatty acids, aliphatic esters and aliphatic hydrocarbons in 
fresh tempeh decreased after frying since they might have been lost in the frying oil 
and esters might be hydrolyzed to produce alcohol and fatty acids. In this 
experiment, l-octen-3-ol, 3-octanone and styrene might be lost in the frying oil and 
ethyl butyrate might be hydrolyzed to ethanol and butanoic acid. Statistically 
significant differences were found (p<0.05) in some compounds between fresh and 
deep-fat fried samples (Tables 2.1 and 2.2). 
The concentrations of nine compounds were significantly different between fresh 
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and deep-fat fried samples in at least one of the three samples. They were 1 -butanol 
(sample 1), 3-methyl-1-butanol (sample 1), 1-pentanol (samples 1 & 3), 1-hexanol 
(sample 3), 2-butanone (sample 3), 3-octanone (samples 1 & 3), hexanal (sample 2) 
and thiophene (sample 1). The concentrations of most of them, except 2-butanone, 
hexanal and thiophene, were lower in fresh samples than deep-fat fried samples. 
This means that these compounds might be produced during deep-fat frying, and 
2-butanone, hexanal and thiophene might be lost in the frying oil and caused the 
decrease in concentrations. 
2.3.5 Odorous compounds of chaw tofu based on OAVs 
Volatile compounds were suggested to be important in producing the aroma 
when the OAVs were larger than one. A total of 15 compounds detected in all fresh 
samples had OAVs larger than one, they are pentanoic acid, dimethylsulfide, ethanol, 
butanoic acid, 1-propanol, hexanal, 2-pentylfuran, 2-heptanone, 2,3-butandione, 
1-hexanol, dimethyldisulfide, benzaldehyde, 3-octanone, styrene and propanoic acid 
in descending order of their average OAVs. In deep-fat fried samples, 15 compounds 
were detected in all samples and had OAVs larger than one, they are pentanoic acid, 
3-methylbutanal, dimethylsulfide, ethanol, butanoic acid, 1-propanol, hexanal, 
2,3-butandione, 2-heptanone, 2-pentylfuran, benzaldehyde, 1-hexanol, 
dimethyldisulfide, 2-butanonoe and propanoic acid, in descending order of their 
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average OAVs. When averaging all the OAVs of both fresh and deep-fat fried 
samples, a total of 13 compounds had OAVs larger than one, they are pentanoic acid, 
dimethylsulfide, ethanol, butanoic acid, 1-propanol, hexanal, 2,3-butandione, 
2-heptanone, 2-pentylfuran, 1-hexanol, benzaldehyde, diemthyldi sulfide and 
propanoic acid in descending order. 
Generally, the order of the compounds with the first six higher OAVs are similar 
\ 
among both fresh and deep-fat fried samples (pentanoic acid, dimethylsulfide, ethanol, 
butanoic acid, 1-propanol, hexanal), except 3-methylbutanal having the second 
highest among deep-fat fried samples. Therefore it showed that the overall aroma of 
both fresh and deep-fat fried chaw tofu were quite similar. However, 
3-methylbutanal can only be detected in deep-fat fried samples and it processes fruity, 
rancid and sweaty aroma (Aldrich, 2000). 
Pentanoic acid had the highest OAVs in all samples (ranged from 21,300,000 to 
79,000,000). It possesses putrid, fecal, sweaty, rancid and unpleasant aroma 
(Aldrich, 2000). Apart from pentanoic acid, butanoic acid also has high OAVs 
(ranged from 1080 to 3730) and it possesses similar rancid, cheesy and putrid aroma 
(Aldrich, 2000). Therefore, these two compounds are probably responsible for the 
characteristic odor of chaw tofu. 
Dimethylsulfide has the second highest OAVs in the fresh and third in the 
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deep-fat fried samples (ranged from 2126.67 to 14423.33). This sulfur-compound 
has intense, boiled cabbage and sulfurous aroma (Aldrich，2000). 
1-Propanol, hexanal, 2-pentylfuran and 2-heptanone also have high OAVs. 
These compounds are sweet, fruity and green (Aldrich, 2000). Hexanal and 
2-pentylfuran are novel compounds in soybean products producing the typical green 
and beany aroma (Boatright & Lei, 1999; Wang et aL, 1998; Oliver, et al., 1981 and 
Sugawara, et al” 1985). 
2.3.6 Possible ways for formation of odorous compounds 
Fermentation is the biochemical modification of food products by the action of 
microorganisms and their enzymes (Motarjemi et aL, 1996). Protease and lipases 
released from microorganisms produced lots of peptides, amino acids and fatty acids. 
These compounds provided a pool of substrates for further biological and chemical 
reactions (Chung, 1999). 
2.3.6.1 Protein degradation 
Fox and Wallace (1997) suggested that amino acids are important as flavor 
precursors. And the amino acids can be produced by the degradation of protein 
during the fermentation of chaw tofu (Chang, 1993). Besides, the presence of 
proteolytic microorganisms in chaw tofu was also critical for odor formation (Lai, 
1977). A range of compounds belonging to various chemical classes including 
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aldehydes, ketones and sulfur-containing compounds were products from the 
catabolism of amino acids by microorganisms (Tammam, 2000). For example, 
phenylalanine was shown to be a precursor of benzaldehyde (Tammam, 2000). 
Similarly, 3-methylbutanal, benzaldehyde, dimethyldisulfide and dimethyltrisulfide 
were the probable products of amino acid metabolism (Tammam, 2000). 
2.3.6.2 Lipid degradation 
Lipid derived flavor compounds are important in contributing to food flavor. 
These compounds can be generated by enzyme action and oxidation of lipids (Fitz, et 
a l , 1999). 
For examples, aldehydes, 2-heptanone, 1-hexanol, l-octen-3-ol, pentanal, 
hexanal, 2,3-butandione, benzaldehyde and 2-pentylfuran could be derived from lipid 
oxidation or degradation (Ames, 1984). Besides, l-octen-3-ol could be an enzymatic 
product of linoleic acid (Tressl et aL, 1982). In plants, both linoleic and linolenic 
acids can be substrate for lipoxygenase and produce hexanal and 1-hexanol (Fitz, et 
cd., 1999). Also, lipase released from microorganisms might attack triglycerides to 
produce free fatty acid and this was found in the investigation of Reineccius (1994b) 
and Kondyli et al (2003). 
Ketones were products of lipid and/ or amino acid degradation (Owens et al, 
1997). They could be generated by fungal enzymes or Maillard reaction. (Wang & 
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Hesseltine, 1970; Fors，1983; Su，1986). 
2.3.7 Comparison between volatile compounds in chaw tofu and others 
fermented soybean products 
There are many types of fermented soybean products worldwide and chaw tofu is 
one of them. The similarity and difference in the composition of volatile 
components are discussed in the subsequent paragraphs. 
All of the compounds identified from the static headspace of fresh and deep-fat 
fried chaw tofu, except S-methyl thioacetate, had been previously found in fermented 
soybean products including white and red sufus, chaw tofu fermentation model broth, 
miso, Bacillus subtilis fermented soybean, Chung-Jang and Itohiki-Natto, except 
ethanoic acid, S-methyl ester and methyl-benzene (Chung, 1999; Chung, 2000; 
Hwan & Chou, 1999; Kim & Chung, 2002; Ku et al, 2000; Leejeerajumnean et al, 
2001; Owens et al, 1997; Tanaka et al, 1998). Therefore, it means that the identified 
compounds are generally detected from fermented soybean products involving either 
mould (e.g. sufu) or bacteria (e.g. miso and Bacillus subtilis fermented soybeans). 
It can be said that the compounds with OAVs larger than one are mainly detected 
from soybean products fermented with Bacillus subtilis and from chaw tofu model 
broth (Table 2.1 and Table 2.2). For example, the pentanoic acid which has the 
highest OAV in this experiment was only previous reported from chaw tofu model 
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broth (Kim & Chung, 2002) and the next weaker acid, butanoic acid, was detected 
from the model broth, the Bacillus fermented soybeans, Chungkuk-Jang and 
Itohiki-natto (Kim & Chung, 2002; Leejeerajumnean et al, 2001; Tanaka et al, 1998). 
Both the Chungkuk-Jang and Itohiki-natto are soybeans fermented with Bacillus 
subtilis (Tanaka et al, 1998). Another compound with high OAV, dimethylsulfide, is 
also detected from Bacillus subtilis fermented soybeans (Owens et al., 1997). 
Based on the OAVs, chaw tofu has similar odor contributing compounds with 
Bacillus subtilis fermented soybean products rather than soybeans products fermented 
with mould like Mucor species or Actinomucor species. In fact, Lee, et al. (1996) 
isolated Bacillus species from chaw tofu samples and fermentation broth in Taiwan. 
In this experiment, chaw tofu might have been fermented by mainly Bacillus species 
because it produces similar odorous compounds with Bacillus fermented soybean 
products. But further microbiological works are necessary to confirm this 
hypothesis. 
2.4 Conclusion 
From the analysis of the headspace of fresh and deep-fat fried commercial chaw 
tofu purchased from three different locations, odorous compounds were identified by 
their high odor activity values (OAV). A total of 34 and 32 volatile compounds were 
identified from the fresh and deep-fat fried samples, respectively, among them 27 
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compounds were commonly found in all fresh and deep-fat fried samples. 
Pentanoic acid had the highest OAVs from both fresh and deep-fat fried samples 
and butanoic acid also had high OAVs. They both pocessed putrid, sweaty and 
rancid aroma. Therefore, they are probably important in contributing to the typical 
odor of chaw tofu. Dimethylsulfide, 1-propanol, hexanal, 2-pentylfuran and 
2-heptantone might also play a role in the aroma contribution based on their high 
calculated OAVs. 
In this experiment, the composition of odorous compounds identified in chaw 
tofu was more similar to that of Bacillus subtilis fermented soybean products than that 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































IDENTIFICATION OF ORDOROUS COMPOUNDS IN 




Chaw tofu, also known as stinky tofu, is a traditional Chinese snack. It is 
well-known for its typical stinky smell and interesting texture (Chang, 1993). In 
Hong Kong, chaw tofu is a snack which is usually deep-fat fried and served with spicy 
sauces. 
Traditionally, natural fermentation is used for the fermentation of chaw tofu 
(Chang, 1993). Vegetables or fruits such as amaranth, bamboo shoots, winter melons, 
mustard greens, etc. are firstly soaked in brine solution for at least eight months for 
the first time to prepare a chaw-tofu broth (Chang, 1993; Lee et al, 1996). By that 
time, the broth become stinky and is ready to be used (Chang, 1993; Lee et al., 1996). 
Salty vegetable juice, stinky fish, shrimp, etc, or even soda water, ammonia and other 
chemicals can also be used to make the stinky broth (Chang, 1993). These 
substances can increase the stinkiness of the broth more than the ones mentioned 
earlier. However, such broth may not be as safe and as tasty as the products from the 
natural fermentation of vegetables and fruits (Chang, 1993). When the broth is well 
fermented, fresh tofu is introduced and soaked in it until the stinky smell developed 
which takes about 4-6 hours (Lee et al,, 1996). After soaking, tofu is ready for 
deep-fat frying. 
During chaw tofu fermentation, soy protein is broken down to amino acids by 
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microorganisms (Chang, 1993). Subsequently, the substances responsible for the 
stinky smell evaporate at high temperature during deep-fat frying. At the same time, 
some amino acids are transformed to produce pleasant volatile components (Chang, 
1993). Nevertheless, information on the volatile composition of commercial chaw 
tofu is limited, and the identities of the odorous compounds or markers are not clearly 
known which can be important in the quality control during fermentation. 
The qualitative and quantitative analyses of volatile components present in the 
headspaces of commercial chaw tofu samples were investigated and discussed in the 
previous chapter. Among the identified volatile compounds, the odorous ones were 
identified by the calculation of their odor active values. In order to further identify 
the odor contributing compounds, gas chromatography-olfactometry (GC-0) was 
used. 
GC-O is the technique that utilize human nose as a detector to define the aroma 
in the effluent from a GC (Friedrich & Acree, 1998). The data produced by GC-0 is 
qualitative in which the sniffers describe the nature of their perception (Friedrich & 
Acree, 1998). Because the concentration of volatile components in the headspace is 
quite low, in order to facilitate the detection of odorous compounds, cryogenic trap 
was utilized to increase the concentration injected. Cryogenic trapping can enrich 
the concentration of volatile compounds by injecting more headspace volume and 
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trapping due to condensation at very low temperatures followed by instantaneous 
evaporation (Kolb, 1999) 
The objectives of this experiment were to identify the odorous compounds in 




3.2 Materials & Method 
3.2.1 Experimental samples 
Commercial chaw tofu samples were purchased from three locations in Hong 
Kong (登打士街5號南方菓汁，登打士街3號車麵王，水渠道30-32A美味食店)， 
and three chaw tofu cubes were purchased each time. Samples were transported 
back immediately to the laboratory at the Chinese University of Hong Kong and were 
kept at 6 °C before analyses. Samples were deep-fat fried at about 150�C for 10 
minutes or until the surface became golden in color. About 35 grams deep-fat fried 
(spl-sp3) or fresh sample (rspl-rsp3) were homogenized and transferred to a 250-ml 
glass container with teflon cap (Wheaton culture vessel, model no. 991760, Wheaton 
Scientific, New Jersey, USA). The system was equilibrated in a 60 °C incubator 
(Boekel 13200-2, Feasterville, PA, USA) for 1 hour before headspace analysis. 
Each sample was evaluated by three panelists. 
3.2.2 Gas Chromatography - Mass Spectromety - Flame Ionization Detection 
-Olfactometry (GC-MS-FID-O) 
A GC-MS-FID-O system was used for the identification of odorous compounds 
of commercial chaw tofu samples. Twenty-milliliter headspace volume was injected 
by a 25-ml syringe fitted with luer lock valve (SGE 25MDR-VLLMA-GT, Ringwood, 
Australia) from the equilibrated glass headspace vial and immediately injected into a 
71 
gas chromatography (Hewlett-Packard (HP) 6890，Hewlett-Packard Co., Palo Alto, 
CA, USA) coupled with a HP 5973 mass selective detector (Hewlett-Packard Co., 
Palo Alto, CA, USA), flame ionization detector (Agilent, USA) and a Gerstel 
olfactory detection port (Gerstel GmbH & Co. KG, Germany) ) installed with a 
temperature programmable cooled injection system (CIS 4, Gerstel GmbH & Co. KG, 
Germany). Cryogenic cooling of the CIS 4 at - 120�C was maintained by liquid 
nitrogen in split mode and the temperature was held during headspace injection to 
cryofocus the volatile compounds. After injection the CIS was switched back to 
splitless mode. It was then heated up to 230�C at a ramp rate of 10°C/s and held at 
230�C for 10 min. The CIS was further heated up to 240°C at a ramp rate of 10°C/s 
and held at that temperature for 10 min. The column flow was split into three 
detectors (the MSD, FID and O) at a ratio of 1:1:1. by using deactivated capillary 
columns at different diameters and lengths. 
3.2.3 Conditions of the Gas chromatography-Mass spectrometry (GC- MS) 
The headspace samples were injected through the CIS 4 into a fused silica open 
tubular column (Supelcowax-10, 60 m length x 0.25mm i.d. x 0.25|im film thickness, 
nominal; Supelco, Inc., Bellefonte, PA, USA) at splitless mode. Helium gas 
(ultrahigh purity grade, 99.999%) was used as carrier gas with constant linear velocity 
at 30cm/s at constant flow. The oven temperature was programmed from 35 to 
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195�C，the initial hold time was 5 minutes with a ramp rate of 6 � C / min, followed by 
10 minutes final hold time. Mass spectrometry conditions were as follows: MS 
interface temperature, 250°C; ion source temperature, 230�C; MS quadrupoles 
temperatures, 106�C; ionization voltage, 70eV; mass range, 33-500 amu; scan rate, 
2.94 scans/s and electron multiplier voltage, 1200V. For FID, the hydrogen, air and 
Helium make up flows were 40ml/min, 450and 45ml/min, respectively. 
3.2.4 Detection of Odor active compounds 
Temperature of the transfer line of the sniff port of the olfactometry was 200�C. 
Each trained panelist evaluated the effluent from the sniff port and reported the aroma 
descriptors, the retention time range, and its intensity in a report sheet provided during 
each 3 5-minute session. A total of three panelists evaluated each sample. 
3.2.5 Compound Identifications 
Identification of odorous components was carried out by comparing the retention 
time with that of authentic standards under the same GC-MS conditions and the 
respective published aroma descriptors. The compound was positively detected 
from the experimental sample only when more than one panelist reported the 
detection of aroma at the same retention time. 
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3.3 Results & Discussion 
After the evaluation of headspaces of fresh and deep fat fried commercial chaw 
tofu by GC-MS-FID-O, odorous compounds were identified. The compounds that 
were detected by more than one panelist from the headspaces of fresh and deep-fat 
fried commercial chaw tofu samples are listed in Table 3.1. There were a total of 20 
compounds detected with five alcohols, four acids, four sulfur-containing compounds, 
two ketones, two aldehydes, two furans and one ester. Seventeen and 14 compounds 
were detected in the deep-fat fried and the fresh commercial chaw tofu samples, 
respectively. Among them, there are nine and six compounds commonly found in 
the deep-fat fried and fresh commercial chaw tofu samples from all three locations, 
respectively. 
3-Methylbutanoic acid, butanoic acid, dimethylsulfide, 2,3-butanedione and 
hexanal were commonly found in the three locations of both the deep-fat fried and the 
fresh samples. 1-Hexanol, pentanoic acid, dimethyltrisulfide and 2-propanone were 
detected in both the fresh and deep-fat fried samples in at least two locations. 
Ethanol and dimethyldisulfide were detected only in the deep-fat fried samples and 
2-pentylfuran was detected in more than two locations in the deep-fat fried samples. 
3.3.1 Fecal, rancid and putrid odor 
According to the GC-O results, the small molecular weight fatty acids including 
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propanoic acid, butanoic acid, 3-methylbutanoic acid and pentanoic acid were 
described as rubbish, fecal, vomit-like and stinky. This suggested that the stinky 
aroma of chaw tofu was probably due to these compounds. 
Among the four acids, butanoic acid and 3-methylbutanoic acid might be the 
most important odorous compounds because they were present in samples purchased 
from all three locations and in both fresh and deep-fat fried samples. In literature, 
these compounds possessed fecal, rancid, chessy, putrid, sour and unpleasant aroma 
(Aldrich, 2000). 
A possible formation pathway of 3-methylbutanoic acid is shown in Figure 3.1. 
The acid is produced by the bacterial metabolism of leucine to produce 
a-ketoisocaproic acid in the presence of deaminases or aminotransferases (Massey et 
al., 1976; Yvon et al., 1997). Subsequently, the a-ketoisocaproic acid can be 
degraded to form 3-methylbutanoic acid (Ward, et al., 1999). In soybean, leucine is 
the most abundant amino acid after glutamic acid and aspartic acid, and is about 8% 
by weight of protein in soybean (Zarkadas, et al., 1993). 
Butanoic acid was likely produced during microbial fermentation (Reineccius, 
1994b). Microorganisms release lipase and attack triglycerides to produce free fatty 
acid (Reineccius, 1994b; Kondyli et al, 2003). 
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3.3.2 Cabbage, sulfurous and meaty odor 
Apart from acids, sulfur-containing compounds are also important. The 
characteristic aromas of the identified sulfur-containing compounds are cabbage, 
sulfurous, alliaceous and meaty (Aldrich, 2000). Interestingly, dimethyldisulfide 
was only detected in deep-fat fried chaw tofu. 
Fox and Wallace (1997) suggested that sulfur compounds were mainly derived 
from methionine and to a lesser extent from cysteine. Dimethyltrisulfide is probably 
the degradation product of sulfur-containing amino acids (Boatright & Lei, 1999). 
In a study on soy protein isolate, it was found that sulfur-containing compounds 
were important in the resemblance of the characteristic odor of soy protein (Ang & 
Boatright, 2003). Panels did not perceive soy protein smell when methanethiol and 
dimethyltrisulfide were presented separately, but received higher score for 
resemblance to the characteristic odor when combined with hexanal and 2-pentylfuran 
(Ang & Boatright, 2003). From the current experimental results, similar 
composition was found in which dimethyltrisulfide, hexanal and 2-pentylfuran were 
identified in the headspace of chaw tofu. As a result, they might contribute to the 
typical smell of soy protein in the headspace of chaw tofu. 
3.3.3 Green odor 
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The green, fresh, herbaceous and vegetable aroma was perceived in chaw tofu. 
The responsible compounds included hexanal, 1-hexanol and 2-pentylfliran. These 
compounds were the novel contributor of green, beany aroma in soybean products 
like soy protein isolates (Boatright & Lei, 1999), soymilk (Wang et al” 1998), 
defatted soy flour (Oliver, et al., 1981) and cooked soybean (Sugawara, et al.，1985). 
Hexanal could be generated from lipid oxidation or degradation (Ames & 
Macleod, 1984). Frankel (1982) found that hexanal was the major volatile carbonyl 
compound resulting from 13-linoleate hydroperoxide which was derived from linoleic 
acid. The mechanisms of hexanal formation were proposed by Schieberle and 
Grosch (1981) and Josephson and Lindsay (1987) and is illustrated in Figure 3.2. 
2-Pentylfuran was first reported in 1966 by Chang et al. to be responsible for the 
beany, grassy flavor of reverted soybean oil (1966). It was suggested to be derived 
from linoleic acid in the present of methionine under heating in a model system 
(Mandin et al., 1999). Oxidation of linoleic acid resulted in the production of 9- and 
13-hydroperoxides (Frankel, 1982), the former would further be converted into 
2,4-decadienal and 2-pentylfuran (Mandin et al., 1999). 
3.3.4 Other odor contributing compounds 
Another compound that was detected in all samples was 2,3-butandione. It 
contributes to buttery, creamy and sour aroma (Aldrich, 2000). It was possibly a 
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by-product of microbial fermentation. Microorganisms broke down sugars into 
pyruvate through the glycolytic pathyway (Fisher & Sonenshein, 1991). The 
pyruvate was converted to acetate and a-acetolactate (Fisher & Sonenshein, 1991). 
The latter was decarboxylated by an extracellular a-acetolactate decarboxylase to 
3-hydroxy-2-butanone (Fisher & Sonenshein, 1991). 3-Hydroxy-2-butanone was 
further oxidized to 2,3-butandione (Owens et al., 1997). It might also be a product of 
Maillard reaction during deep-fat frying of the chaw tofu (Weenen et al, 1997). 
3.3.5 Odor generate during deep-fat frying 
Reineccius (1994b) explained that during deep-fat frying, aroma related to fat 
was arisen from three mechanisms including (1) the hydrolysis of triglycerids; (2) 
oxidation of unsaturated fatty acids; and (3) pyrolytic reactions. Hydrolysis occurs 
when triglycerides contact with water. Lipid oxidation is the primary source of 
aroma formation in heated oils; during this process, the dissolved oxygen is readily 
consumed. Pyrolysis reactions will only occur at elevated frying temperature 
(exceed 200°C). 
Maillard reaction might also be carried out during deep-fat frying of chaw tofu. 
Amino acids of protein reacted with reducing sugars to produce Maillard products like 
3-methylbutanal and 2,3-butanedione. 
From Table 3.1, it shows that ethanol and dimethyldisulfide were detected only 
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in deep-fat fried sample but not in the fresh sample. Ethanol might be hydrolysis 
product of ethyl butyrate during deep-fat frying and high temperature might enhance 
the amino acid degradation to form dimethyldisulfide. 
Moreover, the composition of compounds presented in deep-fat fried samples 
and fresh samples were generally similar. It means that the process of deep-fat 
frying does not aim at producing unique odorous compounds. It may change the 
concentrations of compounds present in fresh samples and make the overall odor 
perception between fresh and deep-fat fried samples differ. 
3.3.6 Comparison between GC-O and OAVs 
In the previous chapter, the OAVs calculated from the concentration of 
compounds present in the static headspace of fresh and deep-fat fried chaw tofu 
samples were discussed. Since both the techniques of GC-O and OAVs were 
targeted at identifying the odorous compounds, here the results are compared. 
Pentanoic acid has the highest OAVs detected in both fresh and deep-fat fried 
chaw tofu, at the same time, this compound also gave the medium sensation to 
panelists. The other acid, butanoic acid has high OAV as well (ranged from -1000 -
4000), this result agrees with the GC-O results as well (weak to medium sensation). 
Another compound with high OAV is dimethly sufide and was detected by 
panelists in all samples. Nevertheless, the strength of perception of this compound 
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was not as strong as other sulfur-containing compounds including dimethlydisulfide 
and dimethyltrisulfide (weak to medium sensation) from GC-0. 
3-Methylbutanoic acid is a very important odorous compound identified from 
GC-O, it give a medium strength of fecal, stinky and vomit-like odor. However, the 
published threshold value of this compound used in calculating OAV was in a medium 
of neither air nor water making the comparison between OAV and GC-0 less 
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appropriate. 
Although similar compounds were identified to be responsible for the typical 
odor of chaw tofu by these two methods, calculating OAVs from concentration 
present in the static headspace is not as powerful as using GC-0. This is because the 
calculation of OAV of a compound depends on the availability of published threshold 
values. Also it is difficult to choose suitable threshold value as different media were 
used in calculating the threshold values. 
3.3.7 Comparison between volatile compounds in chaw tofu and others 
fermented soybean products 
Similar to what had been discussed in Chapter 2，the volatile compounds 
identified in the headspace of both fresh and deep-fat fried chaw tofu were mostly 
found in other fermented soybean products including white and red sufus，chaw tofu 
fermentation model broth, miso, Bacillus subtilis fermented soybean, Chung-Jang and 
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Itohiki-Natto, except S-methyl thioacetate (Chung, 1999; Chung, 2000; Hwan & 
Chou, 1999; Kim & Chung, 2002; Ku et al, 2000; Leejeerajumnean et al, 2001; 
Owens et al, 1997; Tanaka et al, 1998). 1 -Hexanol and hexanal were nearly detected 
in all types of fermented soybean products, they are responsible for the green, beany 
aroma of soybean (Boatright & Lei，1999; Wang et aL, 1998; Oliver, et al., 1981; 
Sugawara, et al., 1985). 
\ 
The important small molecular weight fatty acids (propanoic acid, butanoic acid, 
pentanoic acid and 3 -methlyIbutanoic acid) were identified from chaw tofu 
fermentation model broth, Bacillus fermented soybean, Chung-Jang and Itohiki-Natto 
(Kim & Chung, 2002; Leejeerajumnean et al, 2001; Tanaka et al, 1998). 
Chung-Jang and Itohiki-Natto are fermented soybean products using Bacillus subtilis. 
These fatty acids were likely responsible for the characteristic stinky aroma of chaw 
tofu according to the panelist's descriptions. 
Another important group of odorous compounds was the sulfur-containing 
compounds, which was only present in chaw tofu model broth and Bacillus fermented 
soybean products (Kim & Chung, 2002; Leejeerajumnean et al, 2001; Owens et al, 
1997) but not the mould fermented counterpart. The odorous compounds of chaw 
tofu are consistent with the Bacillus fermented soybean products and the results 
support the hypothesis that chaw tofu may also be fermented with Bacillus species. 
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3.4 Conclusion 
The small molecular weight fatty acids in chaw tofu including butanoic acid, 
3-methyl-butanoic acid and pentanoic acid are likely to be responsible for the stinky 
odor, whereas the odorous sulfur-containing compounds include dimethylsulfide, 
dimethyldisulfide and dimethyltrisulfide are responsible for cabbage, sulfurous and 
meaty aroma. 1-Hexanol, hexanal and 2-pentyl-furan are also important in 
producing vegetable and green aroma. 
The odorous compounds of chaw tofu identified with GC-0 in this chapter were 
similar to that identified with the help of calculating OAV with the published 
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Figure 3.2: The two suggested mechanisms of hexanal formation from linoleic acid (Schieberle & 
Grosch, 1981; Josephson & Lindsay, 1987). 
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CHAPTER 4 




Chaw tofu, also known as stinky tofu, is a traditional Chinese snack. It is 
well-known for its typical stinky smell and interesting texture (Chang, 1993). In 
Hong Kong, chaw tofu is a snack that is usually deep-fat fried with fat and served with 
spicy sauces. 
Traditionally, natural fermentation is used for the fermentation of chaw tofu 
(Chang, 1993). Vegetables or fruits such as amaranth, bamboo shoots, winter melons, 
mustard greens, etc. are first soaked in brine solution for at least eight months for the 
first time to prepare a chaw-tofu broth until the broth become stinky (Chang, 1993; 
Lee et cd., 1996). Salty vegetable juice, stinky fish, shrimp, etc can also be used to 
prepare the broth (Chang, 1993). When the broth is well fermented, fresh tofu is 
introduced and soaked in it until the stinky smell developed which takes about 4-6 
hours (Lee et cd., 1996). After soaking, tofu is ready for deep frying with oil/lard. 
Lee et al (1996 & 1999) collected stinky brine and dip water samples in Taiwan 
and found that the pH values of stinky brine ranged from 5.32 to 7.72 while that of dip 
water were more acidic between pH 4.38 and 5.49. Lee et al. (1999) investigated the 
changes in the pH value during fermentation of stinky brine. Initially, the pH value 
of the broth was slightly acidic at 6.7 (Lee et al” 1999). It dropped to 4.7 after one 
week of fermentation (Lee et al., 1999). Later, the pH value gradually rose to about 
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7.5 (slightly alkaline) after 10 weeks of fermentation (Lee et al., 1999). 
Lee et al. (1996 & 1999) also surveyed the salt percentage of the stinky brine 
and dip water. The salt percentages of stinky brines were l.l%-2.9% (with one 
exceptional case that had extremely high salt percentage of 7.3%), which were 
slightly higher than that of the dip water (1.22%-1.99%). 
Stems of amaranth species in 1.5% sterile brine water were used to prepare 
model stinky brine broth by Kim & Chung (2002). The broth was fermented at 28°C 
for 2 weeks, followed by soaking tofu in the broth for 6 hours (Kim & Chung, 2002). 
Changes in headspace compositions of the broth and also the headspace of the 
deep-fat fried fermented tofu were analyzed by GC-MS (Kim & Chung, 2002). 
Results showed that the volatile compounds detected in the stinky broth at the end of 
fermentation were also detected in the headspace of the corresponding chaw tofu 
(Kim & Chung, 2002). This implied that the volatile components of chaw tofu were 
likely came from the stinky broth (Kim & Chung, 2002). 
A good quality stinky brine broth is critical to the successful fermentation of 
chaw tofu. Investigations in the stinky brine broth can help us to have a 
comprehensive picture of its effects on the quality of the finished chaw tofli product. 
However, the existing studies on the changes in microbial population and biochemical 
characteristics during fermentation of stinky broth are limited. In this study, the 
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changes in headspace volatile components, microbial populations, pH values, soluble 
solid contents and proteolytic activities during fermentation and the ingredients of the 
fermentation broths were investigated. 
\ 
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4.2 Materials & Methods 
4.2.1 Model fermentation broth preparation 
Green amaranth {Amaranthus spp.) was cultivated in the greenhouse at the 
Department of Biology, the Chinese University of Hong Kong. Mature plants (about 
30 cm long) were collected and leaves were removed manually. The stems were cut 
into five-centimeter in length and rinsed with double distilled water. Three different 
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compositions of broths (1,2 and 3) were prepared for comparison. Broth 1 contained 
75g of amaranth stem only; broth 2 contained 75g of amaranth stem and 75g of tofu 
and broth 3 contained only 75g of tofu. Triplicate broths were prepared for each 
composition. The ingredients were introduced into a sterilized 2-L glass container 
with 2 holes (diameters 6mm and 8mm) on the lid. The holes were 35mm from the 
rim of the lid. A glass stopper and a septum were inserted into the small and large 
holes, respectively. The small hole and the septum were used to facilitate the liquid 
sample and the headspace withdrawal, respectively. Six hundred milliliters of 2% 
sterilized brine solution (w/v) were added into each flask aseptically. The flasks 
were incubated in a 28°C incubator (Memmert BE 500, Memmert GmbH & Co. KG, 
Schwabach, Germany) for a total of 15 days with the lid loosely covered. On day 15, 
two pieces of cylindrical tofu (purchased from local market) (diameter 4cm; height 
2.5cm) were introduced into the three triplicates and fermented for six hours. 
90 
Headspace samples of the fermentation broths were withdrawn and analyzed on days 
0, 7 and 14 whereas liquid samples were withdrawn subsequently and on day 15 after 
the removal of the fermented tofu cubes. 
4.2.2 Tofu sample preparation 
Cylindrical tofu samples were removed aseptically from the flask after 
fermentation for six hours in the broths and were deep-fat fried at 150°C for 10 
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minutes or until the surface became golden brown in color. About five grams of 
fried sample was immediately transferred with a pair of chopsticks to a 20 ml glass 
headspace vial with a 20mm polyethylene seal associated with TFE/ silicon liner 
(Alltech Associates, Inc., Deerfield, IL, USA). The system was equilibrated in a 
60°C incubator (Boekel 13200-2, Feasterville, PA, USA) for 1 hour before headspace 
analysis. 
4.2.3 Gas Chromatography-Mass Spectrometry (GC-MS) 
A GC-MS system was used for both qualitative and quantitative analyses. Five 
milliliter of headspaces were withdrawn from the fried tofu samples and 20 ml of 
headspaces were withdrawn from the model broths with a ten-milliliter luer lock 
gas-tight syringe (SGE lOMR-LL-GT, Ringwood, Australia), respectively. The 
headspace sample was immediately injected into a gas chromatography-mass 
spectrometry (GC-MS) (Hewlett-Packard 6890 GC coupled with a HP 5973 mass 
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selective detector (MSD)) (Hewlett-Packard Co., Palo Alto, CA, USA) through a 
temperature programmable cooled injection system (CIS 4, Gerstel GmbH & Co. KG, 
Germany). Cryogenic cooling of the CIS 4 at -120°C was maintained by liquid 
nitrogen in split mode and temperature was held during headspace injection to 
cryofocus the volatile compounds. After injection, the CIS was switched back to 
splitless mode. It was then heated up to 230°C at a ramp rate of 10°C/s and held at 
230°C for lOmin. The CIS was further heated up to 240�C at a ramp rate of 10°C/s 
and held at that temperature for 10 min. 
4.2.3.1 Conditions of Gas chromatography-Mass spectrometry (GC-MS) 
The headspace samples were injected through the CIS 4 into a fused silica 
open tubular column (Supelcowax-10, 60 m length x 0.25mm i.d. x 0.25|im film 
thickness, nominal; Supelco, Inc., Bellefonte, PA, USA) at splitless mode. Helium 
gas (ultrahigh purity grade, 99.999%) was used as carrier gas with constant linear 
velocity at 30cm/s at constant flow. The oven temperature was programmed from 35 
to 195°C, the initial hold time was 5 minutes with a ramp rate of 6°C/ min, followed 
by 10 minutes final hold time. Mass spectrometry conditions were as follows: MS 
interface temperature, 250°C; ion source temperature, 230°C; MS quadrupoles 
temperatures, 106°C; ionization voltage, 70eV; mass range, 33-500 amu; scan rate, 
2.94 scans/s and electron multiplier voltage, 1200V. 
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4.2.3.2 Compound identifications 
Positive identifications of compounds were done by matching mass spectra of 
unknown compounds in the sample with that suggested by the Wiley Chemical 
database Edition, John Wiley & Sons, Inc., New York, NY, USA) and 
comparing the mass spectra and retention times with that of the authentic standards 
under the same experimental conditions (Chung, 2000). 
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4.2.3.3 Quantification of compounds 
A 3-point standard curve was used for quantification of each positively 
identified compound (Chung, 2000). The concentration of each compound was 
calculated by the slope of standard curve. 
4.2.4 Viable cell counts 
Serial decimal dilutions (dilution factor from 0 to -4 at day 0 and -6 to -9 at day 7, 
14 and 15) ofthe liquid samples were done with 0.1% sterilized peptone water (Difco, 
Becton, Dickinson and Company, Franklin Lakes, NJ, USA). A volume of 0.1ml of 
appropriate dilution was spread on duplicate trypticase soy broth agar plates (BBL, 
Becton, Dickinson and Company, Franklin Lakes, NJ, USA). All plates were 
incubated in a 28D incubator (Memmert BE 500, Memmert GmbH & Co. KQ 
Schwabach, Germany) for 48 hours (Njoku et a!., 1990). Plates with colonies 
between 30 and 300 were chosen to represent that liquid sample. 
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4.2.5 pH value and soluble solid content 
The pH values of liquid samples were measured by a pH meter (Coming 340 pH 
meter, Michigan, USA). The soluble solid content of the liquid samples was 
measured by a hand-held refractometer (ATAGO Co., Ltd., Tokyo, Japan). 
4.2.6 Proteolytic activity 
Twenty-five ml of each liquid sample was used to measure its proteolytic activity. 
Residue of the microbial cells was removed by centrifugation (at 23700xg for 20 
minutes) (Beckman J2-MI centrifuge, California, USA). The supernatant was 
concentrated 10-fold by ammonium sulfate precipitation. 
Ammonium sulfate at 70% saturation (44.2g ammonium sulfate/ 100 ml of 
solution) was added to the supernatants and the solutions were kept at 4口 overnight 
(Singh et aL, 2001). Precipitates were collected by centrifugation (at 13300xg for 20 
minutes) (Beckman J2-MI centrifuge, California, USA) and resuspended in 2.5 ml 
O.IM sodium phosphate buffer (pH 6.5). The concentrated supernatants were 
dialyzed against the same buffer with dialysis tubing which had a molecular cut-off 
value of 12k Dalton (Sigma Chemical Co., St. Louis, MO, USA). 
The assay for proteolytic activity was a modified method of Kunitz (1947). The 
assay mixture contained 0.25ml of 1% (w/v) azocasin (Sigma-Aldrich Co., St. louis, 
USA) in O.IM sodium phosphate buffer (pH 6.5) and 1ml of the supernatant. The 
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mixtures were incubated at 30°C for 1 hour and the reactions were terminated by 
adding 1.2ml 10% trichloroacetic acid. Undigested protein was allowed to 
precipitate by standing for 15 minutes and removed by centrifugation (at 9500xg for 
10 minutes) (Beckman GS-15R centrifuge, California, USA). The supernatant were 
mixed with the 1.4ml IM sodium hydroxide solution and measured at a wavelength at 
440nm for the unprecipitated protein. One unit of proteolytic activity (UC) was 
\ 
arbitrarily defined as the amount of enzyme causing an increase of 0.01/hr in the 
absorbance at 440nm (Aderibigbe & Odunfa, 1990). 
4.2.7 Statistical analysis 
Concentration of volatile compounds, viable cell counts, pH values, soluble 
contents and proteolytic activities from all three broth compositions were analyzed by 
one-way analysis of variance (ANOVA) and compared by the Tukey test at /?=0.05 
level of significance. The values within the same broth were compared by paired 
t-tQst atp=0.05. 
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4.3 Results & Discussion 
4.3.1 Headspaces analysis 
Changes in the compositions of volatile compounds among the broths were 
monitored by analyzing the headspace with GC-MS at days 0, 1 and 14. The volatile 
components of the tofu fermented with the model broths were also analyzed after six 
hours of fermentation and after deep-fat frying. 
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A total of 28 compounds were positively identified from the model broths with 
nine alcohols, five acids, four ketones, four sulfur-containing compounds, two 
aldehydes, two furans and two miscellaneous compounds. Apart from the above 
compounds, two more aldehydes were positively identified from the deep-fat fried 
fermented tofu including 3-methylbutanal and pentanal. The concentrations of the 
volatile compounds in the headspace of the model fermentation broths and deep-fat 
fried fermented tofu are listed in Tables 4.1 and 4.2 respectively. 
Kim & Chung (2002) suggested that the volatile components of the chaw tofu 
were likely originated from the fermentation broth. This means that the quality of 
fermentation broth will greatly affect the final quality of the fermented chaw tofu 
which is soaked in the broth for few hours. Compounds responsible for the typical 
chaw tofu aroma identified by the GCO in chapter 3 were used as marker compounds 
to investigate the quality of the fermentation broth. 
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4.3.1.1 Changes in volatile composition in model fermentation broths 
The number of positively identified volatile compounds increased from 14 at day 
0 to 22 at day 7, and to 24 at day 14, this suggested that volatile compounds were 
produced during fermentation. The number of alcohols and acids increased rapidly 
from day 0 to day 14, while the number of ketones and sulfur-containing compounds 
also increased but at a slower pace. 
In chapter 3, low molecular weight fatty acids including butanoic acid, 
3-methylbutanoic acid and pentanoic acid were identified to be important in 
producing the typical stinky, fecal like aroma of deep-fat fried chaw tofu. 
3-Methylbutanoic acid was probably produced by the bacterial metabolism of leucine 
and the subsequent degradation (Massey et al” 1976; Yvon et al., 1997; Ward, et al., 
1999). The other two fatty acids were generated by the action of lipase released from 
the microorganisms (Reineccius, 1994b). Since all of these compounds were 
generated during the fermentation process instead of present naturally in the 
ingredients, it is not surprisingly to detect them only at day 14. Changes in 
concentrations of these three fatty acids during fermentation are shown in Figure 4.1. 
Concentrations of the three sulfur-containing compounds including 
dimethylsulfide, dimethyldisulfide and dimethyltrisulfide increased during 
fermentation. There were significant increases in concentrations the three 
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compounds from Day 0 to Day 7 in both broths 2 and 3. From Day 7 to Day 14, 
significant increases in dimethyldisulfide in broth 1 and dimethyltrisulfide in broth 2 
were also detected. Fox and Wallace (1997) suggested that sulfur-containing 
compounds were mainly derived from methionine which is the breakdown product of 
protein degradation. Just as the fatty acids, the increase in the concentrations ofthe 
sulfur-containing compounds was due to the continual protein breakdown during 
fermentation. The changes in concentrations of these compounds are shown in 
Figure 4.2. 
4.3.1.2 Comparison of volatile compositions between the broths 
Three low molecular weight fatty acids were only detected at day 14 and it is 
strange that their concentrations were found to be the highest in broth 1 since it 
contained amaranth only. Amaranth contains 1.4% protein and 0.1 % fat (Bowes, 
1998), and it is not a good source of protein and lipid to act as substrates for the 
production of these acids. Broth 2 had the second highest concentrations of these 
acids, it might be because of the presence of tofu which provided higher amounts of 
protein and lipid sources, and the presence of amaranth which increased the microbial 
load. The differences in concentrations of the fatty acids in broths 1 and 2 might be 
due to the differences in microbial population. The microorganisms presented in 
broth 1 might have utilized protein or lipid better than that in broth 2, and as a result, 
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more protein degradation products could be detected. However, this hypothesis 
requires further identification of microorganisms to be confirmed. 
From the GCO of chaw tofu, green and fresh aroma were also detected and 
identified to be 1-haxanol, hexanal and 2-pentylfuran. These three compounds were 
well-known for their contribution of beany aroma to soy products (Boatright & Lei, 
1999). They were all previously detected in soybean (del Rosario et al, 1984), 
unflavored textured soy protein (Ames & Macleod, 1984), fermented soybean curd 
(Chung, 1999), miso (Ku et al, 2000) and 万 f e r m e n t e d soybean 
(Leej eeraj umnean et al, 2001; Owens et al, 1997). These thee compounds were not 
detected in broth 1 at the initial stage when the broth contained no tofu. Hexanal 
were detected at the initial stage from broths 2 and 3, 2-pentylfuran can also be 
detected in broth 3. The presence of these compounds in broths 2 and 3 was 
expected since these broths contained tofu. During fermentation, 2-pentylfuran was 
produced and could be identified in broth 1. Their concentrations were still lower 
than that in broths 2 and 3. However, both 1-hexanol and hexanal were still not 
present in the broths. 2-Pentylfuran could be derived from linoleic acid (Frankel, 
1982; Mandin et al., 1999). As mentioned before, amaranth is not a good source of 
lipid so lipid degradation products like 2-pentylfuran was not abundant even after 
fermentation. 2-Pentylfuran was detected in broth 3 at Day 0 and was likely 
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contributed by the tofu. However, it was not detected in broth 2 though tofu was 
present. This might be because the concentrations of 2-pentylfuran in broth 2 were 
below the detection limit of the detector. 
The sulfur-containing compounds including dimethylsulfide, dimethyldisulfide 
and dimethyltrisulfide were important in producing the typical aroma of chaw tofu. 
The characteristic aroma of these three compounds are described as cabbage, 
sulfurous, alliaceous and meaty-like (Aldrich, 2000). Concentrations of these three 
compounds were the highest in broth 2 at Day 14 and were the lowest in broth 1. 
Fox and Wallace (1997) suggested that sulfur-containing compounds were 
derived during protein degradation. The difference between broth 2 and broth 1 was 
the presence of tofu in broth 2. Hard tofu contains 10.7% protein (Shi & Ren, 1993) 
which is a good source of protein when compared with that in amaranth (contains 
1.4% protein; Bowes, 1998). Therefore, the addition of tofu to broth 2 could have 
increased the concentration of protein breakdown compounds. Both broths 2 and 3 
contained the same amount of tofu. However, concentrations of these three 
compounds were lower in broth 3 than in broth 2. This may be because of the 
presence of fresh amaranth in broth 2 increased the viable microbial cell counts and 
increasde the rate of protein breakdown. These three compounds were all detected in 
both broths 2 and 3 at Day 7 while only dimethylsulfide was detected in broth 1. 
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4.3.1.3 Comparison of volatile compositions among the three deep-fat fried 
fermented tofu with different broths 
Three different broths were prepared. Fresh tofu cubes were added to each 
broth at Day 15 and fermented for 6 hours before deep-fat frying. The volatile 
compositions of the deep-fat fried fermented tofu were analyzed with GC-MS. The 
average concentrations of the volatile components are listed in Table 4.2. A total of 
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31 compounds were positively identified with nine alcohols, five acids, five ketones, 
four aldehydes, four sulflir-containing compounds, two furans and two miscellaneous 
compounds. 
In Chapter 3, butanoic acid, 3-methylbutanoic acid and pentanoic acid were 
found to be important in contributing to the characteristic fecal, rancid and unpleasant 
aroma of chaw tofu. Concentrations of these three compounds were significantly 
higher in tofu fermented in broth 1 than in broth 2. Similar trend was observed in the 
headspaces of the three broths at Day 14. The identification of these three acids in 
the three broths at Day 14 and in the headspaces of the fermented tofUs agreed very 
well the idea that the volatile components of the chaw tofu come from the fermented 
broth (Kim & Chung, 2002). 
Another important group of compounds is the sulfur-containing compounds. 
Both dimethylsulfide and dimethyldisulfide are the most abundant components in tofu 
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fermented in broth 3. The concentration of dimethylsulfide was higher in broth 2 at 
Day 14 than that in broth 1, however, different phenomenon was observed in the 
fermented tofu. It might be because of the addition of tofu in broth 1 at Day 15 
increased the protein source and facilitated the growth of proteolytic bacteria; and so 
as the rate of protein degradation was faster, more protein decomposed product such 
as dimethylsulfide was detected. 
Among the compounds responsible for the green, beany aroma, 2-pentylfuran 
was the only one with significant difference in concentration among the three 
headspaces of deep-fat fried tofu fermented in three different broths. The average 
concentration was significantly higher in the sample fermented with broth 3 than that 
with broth 2. However, the concentrations of 2-pentylfuran from the headspaces of 
broth 2 at Day 14 were slightly higher than that of broth 3. It might be also due to the 
addition of tofu as in the case of dimethylsulfide. 
4.3.1.4 Comparison of volatile compositions of deep fat fried fermented tofu 
with that of the commercial chaw tofu 
The average concentrations of volatile components of the three deep-fat fried 
tofu fermented with the model broths were compared with that of the deep-fat fried 
commercial chaw tofu discussed in Chapter 2 and were shown in Table 4.3. The 
results showed that the composition of volatile compounds of the deep-fat fried tofu 
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fermented with model broths were similar to that of the commercial chaw tofu. 
Generally, concentrations of the odorous compounds reported in Chapter 3 were 
lower in the tofu fermented with model broths than that of the commercial one 
although there might not be significant differences between them. 
Tofus fermented with the model fermentation broths had lower concentrations in 
butanoic acid, 3-methylbutanoic acid and pentanoic acid than the commercial ones. 
Since these three compounds possessed fecal, cheesy and rancid aroma descriptors 
and were suggested to be responsible for the characteristic stinky aroma of chaw tofu 
in Chapter 3, the low concentration in the experimental samples made the tofu less 
stinky than the commercial one. These might be because of the shorter fermentation 
period of the model broths than the conventional one. Chang (1993) suggested that 
stinky brine broths were fermented for eight months before adding tofu, however, 
only two-week fermentation was carried out in this experiment. Since these 
compounds were microbial metabolic products (Massey et al., 1976; Yvon et al., 1997; 
Reineccius, 1994b) of either protein or lipid, sufficient amount of time was needed for 
the decomposition of substrates and formation of odorants. However, one can 
conclude based on concentration of these three fatty acids that broth 1 had the highest 
concentration than the other two broths. 
Similar trends were observed for the sulfur-containing compounds with the 
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exception of dimethyltrisulfide which could only be detected in commercial chaw tofu 
(sample 1) but was detected in all model broth fermented tofus. Since these 
compounds were not as critical as the fatty acids, they only possessed vegetable, 
cabbage aroma, the commercial one could still be perceived to be chaw tofu even 
without these compounds. 
Therefore, in terms of the strength of stinky odor among the fermented tofus, 
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model broth 1 was more successful than the other two model broths (2 and 3). 
4.3.2 Liquid samples analysis 
Liquid samples from the model fermentation broths were removed and 
investigated at Days 0, 7, 14 and 15. 
4.3.2.1 Changes in viable cell counts, pH values, protease activities and soluble 
solid contents within model fermentation broths during fermentation 
The changes in viable cell counts, pH values, protease activities and soluble solid 
contents within individual broth 1，2 and 3 during fermentation are shown in Figures 
4.3, 4.4 and 4.5, respectively. The interrelationship between and among various 
parameters are discussed. 
In broth 1, protease activities increased with viable cell counts from Day 0 to 
Day 14. Protease was released extracellularly from proteolytic microorganisms. 
The increase in protease activities indicated that microorganisms presented in the 
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broth were proteolytic. 
The viable cell counts and the pH value increased significantly from Day 0 to 
Day 7. As suggested by Lee et al. in 1999, pH increased was due to the production 
of ammonia by microorganisms during fermentation. Ammonia was produced 
during protein breakdown. Allagheny et al (1996) suggested that the production of 
ammonia is a consequence of the utilization of amino acids by bacteria as sources of 
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carbon and energy as shown in the following equation: 
RCH(NH3+)C00- + n02 — nCOj + nHsO + NH4+ + OIT 
Therefore, increased in viable cell counts increased the proteolytic activities of 
the broth, in turn increased the amount of ammonia produced and so as the pH values. 
The increases in viable cell counts and pH value continue until Day 14. After the 
addition of tofu at Day 14, the pH value dropped even if the viable cell counts 
increased continuously. With reference to the pH value of broth 3 at Day 0, tofu was 
acidic, so the soaking of tofu in the broth lowered the pH value at Day 15. 
Enzymatic activities break down nutrients into smaller soluble substances. In 
this experiment, protease activities were measured and it was found that the soluble 
solid content increased with the protease activities from Day 0 to Day 14. 
Similar trends were discovered in broths 2 and 3. However, due to the 
differences in the composition of broths, the initial pH values of broths 2 and 3 were 
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significantly lower than that of broth 1 and on the other hand the viable cell counts 
were significantly higher than that of broth 1. Generally, the viable cell counts, pH 
values, proteolytic activities and soluble solid contents increased throughout the 
fermentation period and they were interrelated with each other. The difference of the 
parameters between broths are discussed in the following paragraphs. 
4.3.2.2 Viable cell counts 
\ 
Since both glass container and brine solution were sterilized before experiment, 
microorganisms could only be introduced into the fermentation broth by the amaranth 
and/ or tofu. The changes in viable cell counts among the three broths are shown in 
Figure 4.6 
At Day 0, broth 1 had significantly lower viable cell counts than the other broths 
(2.68 log CFU/ml), while broth 2 (6.87 CFU/ml) had slightly higher cell counts than 
broths 3 (6.71 log CFU/ml). Since model broth 1 contained stem of amaranth only 
whereas the broth 3 contained fresh tofu and broth 2 contained both amaranth stem 
and tofu, the microbial populations for broths 2 and 3 mainly came from the fresh 
tofu. 
However, the viable cell counts of broth 1 increased significantly to comparable 
level of broth 2 at Day 7. It indicated that stem of amaranth was able to support 
microbial growth and low initial loading did not affect the final loading. 
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The microbial loads of all broths increased throughout fermentation period. At 
Day 14, the viable cell counts grew to 8 to 9 log CFU/ml. According to previous 
surveillance of stinky brine samples in Taiwan by Lee et al (1999), the total aerobic 
counts were between 7.15 to 9.25 log CFU/ml. This suggested that the microbial 
loads of the model broths were similar to that of the commercial one. However, the 
actual microbial composition would affect the final quality of the chaw tofu and 
further investigation is needed. 
Chang (1993) suggested that fresh vegetables could be added when the 
fermenting broth became thinner. The addition of fresh vegetables could help to 
maintain the microbial load at suitable level as well as the quality of chaw tofu. 
4.3.2.3 Soluble solid content 
Two percent brine (w/v) solution was used to prepare the model broths. After 
the addition of other ingredients (amaranth stem in broth 1 ； amaranth stem and tofu in 
broth 2; tofu in broth 3) at Day 0, the soluble solid contents dropped to between 1.80% 
(w/v) and 1.97% in which broth 1 was significantly lower than that of broth 2. Drop 
in soluble solid contents might be due to attachment of some solutes to the added 
ingredients. 
In broth 2，the soluble solid content increased significantly from Day 0 to Day 14. 
Similarly, there was a significant increase in both 3. After 14 days of fermentation, 
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the rise of soluble solid content in broth 2 was the highest. It increased to 2.60% at 
Day 14. Increase in broth 1 was the mildest, it remained quite steady at about 
2.00%, while that of broth 3 increased to 2.23%. The addition of tofu cubes at Day 
15 did not significantly change the soluble solid contents of all three broths. 
Increase in soluble contents was probably due to the microbial metabolism of the 
nutrients. During fermentation, microorganisms broke down complex compounds 
into smaller ones and increased the soluble content. Since the energy source in 
broths 1 were limited when compared to broths 2 and 3, the increase in the soluble 
solid content was limited. The overall changes are shown in Figure 4.7. 
4.3.2.4 Proteolytic activity 
Protein degradation is an important biochemical change during fermentation of 
many kinds of protein rich substrates, including kinema (Sarkar et al., 1993; Sarkar & 
Tamang, 1995), soy daddawa (Omafuvbe et al., 2000) and natto (Sakurai, 1960). 
During this process, it can improve the digestibility of locust bean (Odunfa, 1985), 
produce the characteristic ammoniacal odor in kinema (Sarkar et cd., 1993) or even 
produce the odorous compounds (Leejeerajumnean et al., 2001). In this experiment, 
proteolytic activities of the three model broths during fermentation were monitored 
and compared (Figure 4.8). 
At the beginning of the fermentation, proteolytic activities were very low with 
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less than 0.1 UC. After 1-week fermentation, the proteolytic activities increased to 
between 1.333 (broth 3) and 4.623 UC (broth 2), the increases in broths 2 and 3 were 
significant. This increases of proteolytic activities in broths 2 and 3 continued to the 
second week at similar rate. There was significant increase of proteolytic activity in 
broth 1 in the second week. 
The proteolytic activity of broth 2 was significantly higher than in broth 3 at both 
Day 7 and Day 14, which were more than twice of that of broth 3. Although both 
broths 2 and 3 contained tofu, amaranth was only presented in broth 2. Both tofu 
and amaranth could provide varieties of microorganisms, and the tofu could provide 
protein source. However, the microorganisms presented in the tofu itself (broth 3) 
might not all produce extracellular protease or the amount produced was low while in 
the presence of amaranth (in broth 2) they might produce larger amount of protease 
and produced higher extracellular protease activities. 
The protease activity of broth 1 was also lower than that of broth 2 although they 
were higher than that of broth 3. This might be due to the difference in the 
ingredients of the model broths. The protein content of tofu was 10.7% (Shi & Ren, 
1993) and that of amaranth was 1.4% (Bowes et al., 1998), therefore amaranth alone 
in broth 1 could only provide very limited amount of protein for microbial growth. 
Therefore, the proteolytic activity was lower than that of broth 2. Broth 3 also had 
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high protein contents but the proteolytic activities were low. 
The proteolytic activities of both broths 1 and 2 decreased after the soaking of 
tofu at Day 15, while that of broth 3 increased and they all resulted in no significant 
differences before and after the addition of tofu at p=0.05. 
When correlating between the proteolytic activities and the soluble solid content, 
the increase in proteolytic activity and soluble solid content were the highest in broth 
\ 
2. This showed that the high proteolytic activities might help to break protein into 
amino acids or short chain peptides which in turn increased the soluble solid content. 
The proteolytic activities of broth 1 were higher than that of broth 3 at Day 7 and Day 
14, however the soluble solid content in broth 1 was lower than that in broth 3. This 
might be due to the limited protein source in broth 1 limiting the increase of soluble 
solid content. 
4.3.2.5 pH value 
Changes in pH can reflect the biochemical changes occurring during 
fermentation, particularly the utilization of sugar and protein in different periods of 
fermentation (Sarkar & Tamang, 1995). Therefore monitoring the pH values can 
reflect the progress of fermentation. Changes in pH values in this experiment are 
shown in Figure 4.9. 
The average pH values of broth 1 at Day 0 were 6.20 while that of broths 2 and 3 
110 
were 4.70 and 5.04, respectively. The pH values of the latter two broths were 
significantly lower than that of broth 1 (p<0.05). During the first week of 
fermentation, pH values of both broths 1 and 2 increased significantly to 7.24 and 
6.56, respectively. However, pH value of broths 3 remained quite steady at 5.06. 
Lee et al. (1999) suggested that pH of stinky brine broth increased because of the 
production of ammonia by microorganisms during fermentation, the initial drop of pH 
\ 
might be caused by the growth of acid-producing bacteria like Lactobacillus sp. and 
Enterococcus sp. In this experiment, proteolytic microorganisms that broke down 
protein into ammonia and caused increase in the pH value dominated in broths 1 and 2 
during the first week of fermentation. Both acid-producing bacteria and proteolytic 
microorganisms might be present in broth 3 that neutralized the acid and ammonia 
productions and caused the pH value to remain steady. 
At Day 14, the fermentation of stinky brine broths in this experiment came to an 
end. pH values of the broth 3 increased significantly to 6.80 and pH values of broth 
1 remained at the highest 7.44. This trend is similar to that at Day 7, yet the 
differences became smaller. With reference to Lee et al. (1996), the pH values of 
four commercial chaw tofu fermentation broths from Taiwan were between 6.10 and 
7.54. Therefore, it showed that the pH values of 14 days old model fermentation 
broths were comparable to that of the commercial ones from Taiwan. 
I l l 
The pH values of model broths 1 and 3 decreased significantly after the addition 
of tofu cubes at day 15. With reference to the pH values of broth 3 at Day 0, tofu was 
acidic in nature. Therefore, it is reasonable that the addition of tofu at Day 15 would 
lower the pH values of both broths. 
4.4 Conclusion 
All of the marker compounds detected by the GC-0 of commercial chaw tofus 
were detected in the tofu fermented in broths 1 and 3, with higher concentrations 
found in broths 1. However, concentrations of these compounds in tofu fermented 
with broth 1 remained lower than that of the commercial ones. A longer 
fermentation period may help to build up the concentrations of the marker compounds 
to suitable levels. 
The viable cell counts and pH values of the three broths at Day 14 were 
comparable to that of the commercial stinky broths no matter which kind of 
ingredients they had. 
Proteolytic activity was found to be the highest in broth 2 at Day 14 and so was 
the soluble solid content. The high proteolytic activities might help to generate 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.2: Concentrations of volatile compounds detected in the headspace of the deep-fat fried tofu fermented in the three different 
sets of model fermentation broths 
Broth ” Broth 2 Broth 3 
Ave conc. f Ave conc. Ave conc. 
No. ‘ Compound name ** CAS No. ' R_T.** (ng/g/ml) ^ (ng/g/ml) ^ (ng/g/ml) s.d 
Alcohol (9) 
5 Ethanol 64-17-5 9.72 130.30 26.14 81.59 25.53 180,72 132.27 
9 2-Butanol 78-92-2 12.60 0.24 0,05 0.36 0.15 0.45 0.01 
11 1-Propanol 71-23-8 12.98 1.57"^ 1.41 2.96" 0.84 11.17'' 2.93 
16 1-Butanol 71-36-3 16.01 0.11'' 0.03 0 . 2 0 � 0.03 ND" -
17 l -Pen ten -3 -o l 616-25-1 16.52 ND"' -i 0.08" 0.02 0.32'' 0.08 
20 3-Methyl - l -bu tanol 123-51-3 17.80 - 0,06'' 0.01 0 . 1 3 � 0.03 
25 l -Hexano l 11 1-27-3 21.60 0.33 0.05 0.09 0.01 0.52 0.31 
28 2 -E thy l - l -hexano l 104-76-7 24.91 ND - 0.01 0.02 0.03 0.01 
36 Phenol 108-95-2 35.19 0.01 0.00 0.01 0.00 0.01 0.00 
Acid (5) 
27 Acetic acid 64-19-7 23.84 0.12 0.06 ND - 0.18 0.16 
30 Propanoic acid 79-09-4 25.77 0.06'' 0.02 ND= - O.IO"" 0.02 
32 Butanoic acid 107-92-6 27.60 0.35'' 0.14 0.03= 0.03 0.22"'' 0.16 
33 3-MethyIbutanoic acid 503-74-2 28.53 0.05'' 0.01 ND" - 0.05'' 0.01 
35 Pentanoic acid 109-52-4 29.88 0 .14 ' 0.08 ND" - 0.05='' 0.02 
Ketone (5) 
2 2 -Propanone 67-64-1 10.68 0,84 0,29 1.53 0.85 1.86 0.46 
3 2-Butanone 78-93-3 8.87 0.69 0.17 0.64 0.26 丨.4 丨 0.70 
19 2 -Heptanone 1 10-43-0 17.54 0.36"'' 0.07 0.15» 0.14 0.50'' 0,09 
22 3-Octanone 106-68-3 19.87 ND" - ND^ - 0.04'' 0.00 
34 1-Phenyle thanone 98-86-2 28.73 0,02 0.00 0.02 0.02 0.03 0.01 
Aldehyde (4) 
4 3-Methylbutanal 590-86-3 9.42 1.19 0.76 2.79 0.69 88.96 64.95 
8 Pentanal 110-62-3 11.40 3.08'' 0.53 1.72^ 0.61 3 . 1 3 � 0.45 
15 Hexanal 66-25-1 14.61 19.88"'' 1.93 8.85 ' 3.60 24.50'' 8.97 
31 Benzaldehyde 100-52-7 26.06 0.1^'' 0.01 0 .08 ' 0.05 0.17'' 0.01 
S - c o n t a i n i n g compound (4) 
1 Dimethylsulfide 75-18-3 10.07 3.85'''' 0.35 2 .30 ' 1.38 5.86'' 0.82 
14 Dimethyldisulfide 624-92-0 14.26 1.76' 0.06 W. IV^ 4.29 21,13'' 10.89 
24 2,4-Dithiapentane 1618-26-4 20.73 ND - ND - 0.05 0.04 
26 Dimethyltrisulfide 3658-80-8 22.93 0.01 0.00 0,04 0.04 0.18 0.11 
F\iran (2) 
6 2-Ethylfuran 3208-16-0 10.61 3.53'' ' 0.47 2 .35 ' 0.37 5.10'' 1.26 
21 2-Pentylfuran 3777-69-3 18.90 0.49"'' 0.11 0.24" 0.07 0.68'' 0.22 
M i s c e l l a n e o u s (2) 
12 Methylbenzene 108-88-3 13.25 0.06» 0.01 0.04= 0.02 0.12'' 0.02 
18 Ethylbenzene 100-41-4 16.73 0.03"'' 0.01 O O P 0.02 0.05'' 0.00 
‘Compound numbers in oder of their elution sequences 
b Compound names 
° Chemical Abstracts Service Registry No. 
‘‘Retention Time 
=Broth 1- broth with amaranth only; broth 2- broth with amaranth & tofu; broth 3- broth with tofu only 
‘Average concentration from the three replicate broths 
8 Standard deviation 
Values of the concentration in the same row and sampled at the same day with different superscripts are significantly different (Tukey, p <0.05) 
‘ND, not detected 
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Figure 4.1: Changes in average concentrations of butanoic acid, 3-methylbutanoic acid and 
pentanoic acid of the three different sets of model fermentation broths. 
Broth 1 - broth with amaranth only; broth 2- broth with amaranth & tofu; broth 3- broth with tofu only. 
Concentrations on the same day with different superscripts are significantly different (Tukey, p<0.05) and values of the 
concentration with asterisk are significantly different from the concentration of previous day of the same broth (t-test, * : p<0.05; 
氺* : pO.OOl). 
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Figure 4.2: Changes in average concentrations of sulfur-containing compounds of the three 
different sets of model fermentation broths. 
Broth 1- broth with amaranth only; broth 2- broth with amaranth & tofu; broth 3- broth with tofu only. 
Concentrations on the same day with different superscripts are significantly different (Tukey, p<0.05) and values of the 
concentration with asterisk are significantly different from the concentration of previous day of the same broth (t-test，* : p<0.05; 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































From the analyse of the headspaces of fresh and deep-fat fried commercial chaw 
tofu from three different locations, odorous compounds were identified by means of 
OAVs and GC-0. Pentanoic acid and butanoic acid were identified to be important 
in producing putrid and fecal aroma by OAVs. In addition to the two acids, 
3-methylbutanoic acid was also suggested to be important by the GC-O. 
Dimethylsufide, 1-propanol, hexanal, 2-pentylfuran and 2-heptanone might also 
play a role in the aroma contribution based on the calculated OAVs, whereas the 
sulfur-containing compounds, 1-hexanol, hexanal and 2-pentylfuran were also 
important in producing vegetable and green aroma from the evaluation with GC-0. 
Based on both OAVs and GC-0 analyses and presence of the odorous 
compounds, composition of chaw tofu was more similar to the soybean products 
fermented by Bacillus subtilis than that by moulds. 
All of the marker compounds detected from the GC-0 of commercial chaw tofu 
were detected in the tofU fermented in broths 1 and 3 with higher concentrations 
detected from broth 1. However, concentrations of these compounds in tofu 
fermented with broth 1 remained lower than that of the commercial one. A longer 
fermentation period may help to build up the concentrations of the marker compounds 
to suitable levels. 
The viable cell counts and pH values of the three broths at Day 14 were 
127 
comparable to that of the commercial stinky broths no matter which kind of 
ingredients used. 
Proteolytic activity and the soluble solid content were found to be the highest in 
broth 2 at Day 14. The high proteolytic activities might help to generate aromatic 
compounds and might also play a role in producing the texture of chaw tofli. 
As longer fermentation period may help to increase the concentration of marker 
odorous compounds, another trial with longer fermentation period may be carried out 
by other researchers. After the success in preparing model broth that has the typical 
aroma of chaw tofu, microorganism population of the broth can be isolated, identified 
and used as a starter culture in fermenting the broth. 
In the current practice of chaw tofu production, natural fermentation is used (Lee 
et al., 1996). The odor quality of the stinky brine broth varied with different 
ingredients used (Lee et al., 1996). This caused the fluctuation in the quality of the 
final product (Lee et al., 1999). Therefore, the production of starter culture may help 
to alleviate the problems by improving food sanitation and shorten the fermentation 
time for the production process. 
128 
APPENDIX 
IDENTIFICATION OF MICROORGANISMS PRESENTED IN THE MODEL 
CHAW TOFU FERMENTATION BROTHS BY MICROBIAL 
IDENTIFICATION SYSTEM (MIDI) 
Materials and Methods 
Model fermentation broth preparation 
Green amaranth {Amaranthus spp.) was cultivated in the greenhouse at the 
Department of Biology, the Chinese University of Hong Kong. Mature plants (about 
30 cm long) were collected and leaves were removed manually. Stems were cut into 
five-centimeter in length and rinsed with double distilled water. Four different 
concentration of brine solution were prepared, they are 1.5%, 2%, 2.5% and 3% (w/v). 
One hundred and fifty grams of amaranth stem was introduced into a fermentation jar, 
1.2 L sterilized brine solution with specific concentration was added into each jar 
aseptically. The jars were incubated in a 28�C incubator (Memmert BE 500, 
Memmert GmbH & Co. KG, Schwabach, Germany) for a total of four weeks. 
Samples of broth were removed from each broth aseptically at day 0, after 1-week, 
2-week, 3-week and 4-week fermentation. 
129 
Viable cell counts 
Serial decimal dilutions of the liquid samples were done with 0.1% sterilized 
peptone water (Difco, Becton, Dickinson and Company, Franklin Lakes, NJ, USA). 
A volume of 0.1ml of appropriate dilution was spread on duplicate trypticase soy 
broth agar plates (TSBA) (BBL, Becton, Dickinson and Company, Franklin Lakes, NJ, 
USA). All plates were incubated in a 28D incubator (Memmert BE 500, Memmert 
GmbH & Co. KQ Schwabach, Germany) for 48 hours (Njoku et al., 1990). Plates 
with colonies between 30 and 300 were chosen to represent that liquid sample. 
Microbial Identification System (MIDI) 
Thirty colonies were isolated with sterile loop from the TSBA plates that used 
for the viable cell counts and streaked individually on another TSBA plate. TSBA 
plate is standard plates for identification of aerobes by MIDI. The colony was spread 
over the area of quadrant 1 touching the entire ring of the loop to the media so that the 
region was heavily inoculated. Quadrant 2 was inoculated by rotating the loop 90° 
and passing the loop edge through the comer of quadrant 1 twice. Then the rest of 
quadrant 2 was streaked with parallel lines without reentering quadrant 1. The loop 
was sterilized and quadrant 3 was inoculated by passing one edge of the loop through 
the comer of quadrant 2 twice and streaked with parallel lines without reentering 
quadrant 2. Quadrant 4 was inoculated the same as quadrant 3 except the loop was 
130 
not sterilized. The plates were incubated in a 28 ± 1口 incubator (Memmert BE 500, 
Memmert GmbH & Co. KQ Schwabach, Germany) for 24 ± 2 hours. One heaping 
loopful of cultured cells from the third quadrant (or the most dilute quadrant 
exhibiting confluent growth along the streaking axis) were removed with a 4mm 
sterile inoculating loop and coated on the bottom of a screw-capped tube. One ± 0.1 
ml of Reagent 1 (45g sodium hydroxide, 150ml HPLC grade methanol and 150ml 
\ 
deionized distilled water) was added to the tube and the tube was vortexed for 5-10 
seconds. The tube was incubated in a 100 士 2oC water bath for 5 minutes and after 
that the tube was cooled and vortex for 5-10 seconds. The tube was incubated back 
in the 100 士 2 � C water bath for another 25 minutes and cooled. Two ±0 .1 ml of 
Reagent 2 (325ml 6.00N hydrochloric acid and 275ml HPLC grade methanol) was 
added and the tube was vortexed for 5-10 seconds. The tube was incubated in a 80 士 
1°C water bath for 10 ± 1 minutes and cooled. One point two five ± 0 . 1 ml of 
Reagent 3 (200ml HPLC grade hexane and 200ml HPLC grade methyl tert-butyl ether) 
was added to the tube and the tube was placed in a rotator and mixed for 10 minutes. 
The aqueous phase (lower layer) was removed by a clean Pasteur pipette and 
discarded. Three 士 0.1ml of Reagent 4 (10.8g sodium hydroxide and 900ml 
deionized distilled water) was added to the tube and the tube was placed in a rotator 
and mixed for 5 minutes. A few drops of saturated sodium chloride solution was 
131 
added to the tube to break the emulsion. About two third of the organic phase (upper 
layer) was transferred to a clean GC vial with a clean Pasteur pipette. The samples 
were injected into the GC with the MIDI programme and the fatty acid profiles were 
compared with the Microbial Identification System (MIS) Standard Libraries. The 
identity of microorganism was positively identified when the similarity index >0.5. 
Results 
The change in viable cell counts of the four broths with different salt 
concentration was shown in Figure A. The viable cell counts increased from 
between 2.70 and 4.04 to between 8.15 and 8.94 log CFU/ ml after seven days of 
fermentation. After that, the viable cell counts of all broths except that with 2% 
brine solution decreased. In the broth with 2% brine solution, there was still a mild 
increase to 8.68 log CFU/ml after 2-weeks fermentation. 
The changes in microorganisms profile during fermentation in the four broths 
were listed in Table B - E. Generally, Pseudomonas species were dominant in all 
broths. However, the Bacillus species, that responsible for the fermentation of most 
of the bacteria fermented soy products, were only detected in the beginning of 
fermentation at low abundance. It may because the growths of these bacteria were 
out eliminated by other species under the experimental setup. At the same time, the 
changes in microbial profiles were quite fluctuated that conclusions were difficult to 
132 
be drawn. 
Suggestion on further investigation 
Since the target of this part of experiment is to identify and prepare starter culture 
for the fermentation of stinky brine broth, the information on odorous compounds can 
help to narrow down the number of microorganisms. From Chapters 2 and 3, it was 
concluded that fatty acids including butanoic acid, 3-methylbutanoic acid and 
pentanoic acid; and sulfur containing compounds including dimethylsulfide, 
diemthyldisulfide and dimethyltrisulfide were responsible for the typical odor of 
chaw tofu. These compounds are metabolic compounds of microorganisms, we can 
select microorganisms that can produce these compounds during fermentation as the 
starter culture. 
MIDI was used to identify the microorganisms in this experiment. This method 
compares the fatty acid composition of microorganisms with the MIS Standard 
Libraries. Since cells alter the fatty acid composition of their lipids to maintain 
membrane fluidity with varying environmental conditions. Therefore, it is essential 
to control the selection of a culture medium, the time and temperature of incubation. 
Also, the most stable fatty acid compositions of microorganisms are from cultures in 
the late log phase, only cultures at this phase should be selected and used for the 
identification. 
133 
Other methods of identification such as Biolog system and API kit may be used 
if the microorganisms cannot be identified with MIDI system or the similarity index is 












































































































































































































































































Table B: Changes in microorganisms identified (log CFU/ml) of broth with 1.5% sterile brine 
solution during fermentation 
Day 0 W e e k 1 W e e k 2 W e e k 3 W e e k 4 
Alcaligenes faecalis 0 0 0.2724 0-2695 0 
Alcaligenes xylosoxydans 0.0900 0 0 1.0782 0 
Bacillus lentimorbus 0 0.2768 0 0 0 
Bacillus thuringiensis canadensis sv. 0 1-6611 0 0 • 
Bacillus thuringiensis kenyae 5V. 0 0.5537 0 0 。 
Bacillus thuringiensis kurstakii 0 0.2768 0 0 。 
Brevundimonas diminuta 0 0 0 0.5391 0 
Chryseobacterium indologenes 0 0.2768 0 0 • 
Curtobacterium flaccumfaciens 0.3599 0 0 ^ • 
Enterobacter agglomerans 0.0900 0 0 ^ 。 
Kluyvera cryocrescens 0 。 0.2724 0 。 
K o c u r i a v a r i a n s 0 . 0 9 0 0 0 0 0 。 
Methylobacterium radiotolerans 0 0 ^ 。 0.8166 
Ochrobactrum anthropi 0 0 ^ ^ 0.5444 
Pantoea a n a n a s 0 . 0 9 0 0 0 0 0 0 
Pseudomonas aeruginosa 0.6298 0.2768 0-8172 0 。 
Pseudomonas balearica — 0 0 1.0896 0.5391 1.361「 
Pseudomonas mendocina Q 0 0.2724 0.5391 0.5444 
Pseudomonas putida 0 1.1074 0.8172 0 。 
Pseudomcmas stutzeri — 0 0 0 0.8086 0.5444 
Ralstoniaeutropha 0.0900 0 0 0 0 
Ralstoniapickettii 0.1799 0 0 0 • 
Salmonella choleraesuis 0 0 0.2724 0 • 
Sphingobacterium multivorum 0 0.2768 0 ^ 0 
Sphingomonas capsulata 0.0900 0 0 0 • 
Sphingomonas macrogoltabidus 0 0 ^ 0 0.2722 
Stenotrophomonas maltophilia 0.0900 0 0 ^ 。 
JanthobacterJJavus 0 〇 • 1 0782 1.3610 
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Table C: Changes in microorganisms identified (log CFU/ml) of broth with 2% sterile brine 
solution during fermentation 
Day 0 W e e k 1 W e e k 2 W e e k 3 W e e k 4 
Acinetobacter baumannii 0 0.2715 2.3138 2.3062 0.2735 
Acinetobacter radioresistens 0 0 0 0.2883 0 
Agrobacterium radiobacter 0 0 0.2892 0 0 
Alcaligenes xylosoxydans 0 0 0.2892 1.7297 3.8292 
Brevibacterium epidermidis 0.1270 0 0 0 0 
Brevibacterium limns 0.1270 0 0 0 Q 
Burkholderia pyrrocinia 0 0.8146 0 0 。 
Cedecea neteri 0 0.5431 0 0 0 
Chryseobacterium indologenes 0 0.8146 0 0 • 
Citrobacter freundii 0 0.2715 0 0 0 
Curtobactehumflaccumfaciens 0.3810 0 0 0 • 
Enterobacter agglomerans 0.3810 0 0 0 • 
Enterobacter asburiae 0 0.2715 0 0 0 
Escherichia coli 0 0.2715 0 0 0 
Flavimonas oryzihabitans 0.7619 0 0 0 0 
Kluyvera cryocrescens 0 0.2715 0 0 • 
Leclercia adecarboxylata 0 0.5431 0 0 • 
Micrococcus luteus 0 0 0.2892 0 。 
Nesterenkonia halobia 0.1270 0 0 0 • 
Ochrobactrum anthropi 0 3.5300 0.5784 0.5766 0.5470 
Pseudomonas aeruginosa 0.1270 0 0 0 。 
Pseudomonas mendocina 0 0 3.1815 3.4593 2.4616 
Pseudomonas putida 0 0.5431 0 0 • 
Salmonella enteritidis 0.1270 0 0 0 0 
Stenotrophomonas maltophilia 0 0 0.5784 0 • 
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Table D: Changes in microorganisms identified (log CFU/ml) of broth with 2.5% sterile brine 
solution during fermentation 
Day 0 W e e k 1 W e e k 2 W e e k 3 W e e k 4 
Agrobacterium radiobacter 0 0 5928 0 ^ 。 
Alcaligenes faecalis — 0 0 0.2808 1.9598 4.3813~ 
Alcaligenesxylosoxydans 0 0.2964 0.2808 0.2800 0 
Bacillus sphaericus 0.1012 0 0 0 • 
Cedecea neteri 0 0 0.2808 0 0 
.Cellulomonas hominis 0 0 0.5615 0.5599 0 
Citrobacter freundii 0 0 0.2808 0 0 
Enterobacter agglomerans 0.1012 0 0.2808 0-2800 0 
Erwinia carotovora 0 2.3712 0 0 。 
Flavimonas oryzihabitans 0 4050 0 0 ^ 。 
Flavobavterium mizutaii 0 0 • 0.2800 0 
Klebsiella pneumoniae 一 0 0.2964 0.2808 0 0 
Kocuriakristinae 0.1012 0 0 0 。 
'Ochrobactrum anthropi 0 0.2964 0 0.5599 0.5477 
Pantoea ananas‘ 0.1012 0 0 0 ^  
Pseudomonas aeruginosa 0.4050 0 0-2808 0 0 
Pseudomonas alcaligenes 0 • 0.2808 0 。 
Pseudomonas mendocina 0 1.1856 3.9308 2.7997 1.9168 
Pseudomonas pseudoalcaligenes 0 0 0.2808 0.2800 0 
Pseudomonas putida 0 0.2964 0 0 。 
Salmonella bongori 0 0 0.2808 0 0.2738 
Sphingobacteriumspiritivorum 0 0.2964 0 0.2800 0-2738 
Sphingomonas paucimobilis 0.1012 0 0 ^ ^  
Yersinia jrederiksenii 0 1.1856 0 0 0.2738 
Yersinia pseudotuberculosis 0 0 ^ ^  
138 
Table E: Changes in microorganisms identified (log CFU/ml) of broth with 3% sterile brine 
solution during fermentation 
Day 0 W e e k 1 W e e k 2 W e e k 3 W e e k 4 
Agrobacteirum radiobacter 0.2692 0.5961 0.8453 0.2778 0 
Alcaligenes xylosoxydans 0 0 0 0.2778 0.2710 
Arthrobacter globiformis 0 0.2981 0 0 • 
Bergeyella zoohelcum 0 0.2981 1.1271 0 。 
Brevibacterium epidermidis 0.1346 0 0 0 0 
\Brevibacterium linens 0.1346 0 0 0 。 
Brevundimonas diminuta 0 0.2981 0 0 • 
Burkholderia pyrrocinia 0.1346 0 0 0 0 
Citrobacterfreundii 0 0 0 0.2778 0 
Curtobacterium flaccumfaciens 0.2692 0 0 0 。 
Enterobacter aerogenes 0 0.2981 0 ^ • 
Enterobacter agglomerans 0.1346 0 0 0.2778 0.2710 
Erwinia carotovora 0 1.7884 0.2818 0 0 
Klebsiella pneumoniae 0 0 0 0.2778 0 
Klebsiella trevisanii 0 0 0.2818 0 0 
Kocuriakristinae 0.2692 0 0 0 0 
Leclerciaadecarboxylata 0 0 0.2818 0.2778 0.8129 
Microbacterium saperdae 0.1346 0 0 ^ • 
Ochrobactrumanthropi Q 0 0.2818 0.5556 0.5419 
Pseudomonas balearica 0 0 0.2818 0 0.8129 
Pseudomonas mendocina 0 2.0865 3.9449 5.5556 5.4191 
Pseudomonas stutzeri 0 0 0.2818 0 0 
Sphingobacterium spiritivorum 0 0 0.2818 0 。 
Sphingomonas paucimobilis 0.9421 0 0 0 • 
Staphylococcus warneri 0 Q 0.5636 0 。 
Stenotrophomonas maltophilia 0 0.8942 0 0 • 
Yersinia jrederiksenii 0 0.5961 0 0.2778 0 
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